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La duración de las distintas fases de desarrollo de la planta y su adecuación a las condiciones 
ambientales representan algunos de los caracteres fundamentales de adaptación de los 
cereales. Uno de los momentos más importantes en el desarrollo de los cereales, con mayor 
repercusión en el rendimiento, es la fecha de floración. Diversos estudios recientes han 
identificado los genes responsables de las respuestas a los estímulos ambientales que regulan 
la floración. Estos estímulos son, sobre todo, la longitud del día y la temperatura, 
especialmente la vernalización, o necesidad de un periodo frío para que se produzca un 
progreso normal hacia la floración. Según las respuestas que producen y las fechas de siembra 
recomendadas, los cereales como la cebada o el trigo se suelen dividir en variedades de 
invierno y de primavera. En este trabajo, se estudia la diversidad alélica y funcional de varios 
genes (VRNH1, VRNH2, VRNH3, PPDH1 y PPDH2). Concretamente, se analizan los efectos 
fenotípicos, los patrones de expresión génica y la regulación de los genes más importantes de 
las rutas de la vernalización y el fotoperiodo. Esta tesis se basa en buena medida en el estudio 
de material vegetal autóctono de la zona mediterránea, asumiendo que posee mecanismos de 
adaptación seleccionados a lo largo de siglos de cultivo. Los genotipos tradicionales estudiados 
proceden de la Colección Nuclear de Cebadas Españolas (CNCE), que es una representación del 
rango de variación del germoplasma de cebada tradicionalmente cultivado en España.  
En primer lugar, se demostró que es posible modificar el requerimiento de vernalización de 
una variedad de cebada de invierno mediante la sustitución de la región del gen VRNH1. Este 
gen es el principal responsable de ese proceso. Se usó selección asistida por marcadores para 
introducir el gen VRNH1 de una línea pura derivada de una variedad autóctona española 
(CNCE058), que requiere unas dos semanas de vernalización, en un cultivar que requiere más 
de 6 semanas de vernalización para florecer (‘Plaisant’). Se evaluó la fecha de floración y la 
tolerancia a frío en un grupo de 12 líneas cuasi-isogénicas. Además, se mostró que es posible 
manipular y reducir el requerimiento de frío sin afectar la tolerancia a heladas, si la 
introgresión no arrastra una región vecina donde reside un locus importante de resistencia a 
heladas. 
En segundo lugar, se analizó la expresión de cinco genes, VRNH1, VRNH2, VRNH3, PPDH1 y 
PPDH2 a lo largo del tiempo, en una serie de experimentos bajo distintas condiciones 
ambientales. Se analizó en total la expresión génica en cuatro líneas puras españolas, cinco 
variedades europeas, y 15 líneas haploides duplicadas procedentes de dos cruzamientos, y sus 
parentales. Las líneas españolas CNCE058 y CNCE106 representan los principales haplotipos de 
genes de floración presentes en la CNCE. Se vio que la actividad de VRNH1 estaba determinada 
esencialmente por el tamaño del primer intrón de este gen. En conjunto, estas observaciones 
confirmaron que los diferentes niveles de expresión de VRNH1, causados por la variación 
alélica en el gen, son los principales responsables de las diferencias existentes en cuanto al 
requerimiento de vernalización. Los resultados también permitieron apoyar la hipótesis de que 
es VRNH1 quien reprime la expresión de VRNH2 y no al revés (ambas hipótesis estaban en 
debate). Estos experimentos también demostraron que el gen VRNH2 regula, directa o 
indirectamente a PPDH2 en la cebada, ya que la reducción en la expresión de VRNH2 está 
estrechamente asociada con el incremento de la actividad de PPDH2. Se propone que el papel 
de PPDH2 puede ser el de inductor de la floración, a través de un efecto sobre VRNH1 o 
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VRNH3, en condiciones no inductivas (fotoperiodo corto o vernalización incompleta). Este 
efecto tendría repercusión sobre la adaptación de la cebada a regiones con inviernos suaves. 
La variación alélica en el gen PPDH2 se analizó en la CNCE y en un grupo amplio de cultivares 
de invierno y primavera. El alelo activo de PPDH2 es común en cultivares de cebada que 
florecen sin vernalización, pero raro en variedades con fuertes requerimientos de frío. Sin 
embargo, en los 140 cultivares autóctonos de la CNCE que tienen requerimiento de 
vernalización, el alelo activo está presente en frecuencias elevadas. Esto parece indicar que en 
las condiciones ambientales españolas, con inviernos relativamente cortos, el alelo activo 
promueve la floración a lo largo del invierno, compensando la reducida vernalización. Los 
resultados de un experimento de campo en condiciones no inductivas apoyan esta hipótesis. 
Por último, se examinó el promotor del gen VRNH1 en cebada. Distintas regiones de VRNH1 se 
fusionaron con GFP y la expresión de las construcciones resultantes fue estudiada en plantas 
transgénicas de cebada. El promotor de VRNH1 fue suficiente para provocar la expresión de 
GFP en las hojas y en el ápice. La fluorescencia se incrementó en el ápice antes del inicio de la 
inflorescencia y el aumento de expresión se mantuvo durante el desarrollo de la inflorescencia. 
El análisis de plantas transgénicas con construcciones hechas con deleciones seriadas del 
promotor, mostró que se requieren unos 300 pb de la región proximal del promotor para su 
actividad transcripcional y para la inducción de la expresión de GFP. Sin embargo, otras 
regiones del promotor influyeron también en las respuestas a la temperatura baja. De hecho, 
el promotor también contiene motivos que podrían ser la diana de factores de transcripción 
que responden a temperatura (CBFs o el myc ICE1). Estas observaciones ofrecen nuevas 





The duration of the different stages of plant development, and their adjustment to 
environmental conditions are essential for adaptation in cereals. One of the most important 
moments in the development of cereals, with the greatest impact on grain yield, is the date of 
flowering. Recent studies have identified the genes responsible for responses to 
environmental stimuli that regulate flowering. These stimuli are, mainly, day-length and 
temperature. Vernalization, particularly, is the need of a cold period to allow a normal 
progress of the plant towards flowering. According to the phenotypic responses produced and 
recommended planting dates, cereals such as barley and wheat are divided into winter and 
spring varieties. In this work, we studied the allelic diversity of several functional genes 
(VRNH1, VRNH2, VRNH3, PPDH1 and PPDH2). Specifically, we analyze the phenotypic effects, 
patterns of gene expression and regulation of the most important genes which respond to 
vernalization and photoperiod. This thesis is based largely on the study of plant material 
indigenous to the Mediterranean area, assuming that they bear adaptation traits that have 
been selected over centuries of cultivation. The indigenous materials studied come from the 
Spanish Barley Core Collection (SBCC), which is a representation of the range of variation of 
barley germplasm grown traditionally in Spain.  
First, we proved that is possible to modify the vernalization requirement of a winter variety of 
barley by replacing the region containing the VRNH1 gene. This gene is the major determinant 
of vernalization. We used marker-assisted selection to introduce this gene from an inbred line 
derived from a Spanish landrace (SBCC058), which requires about two weeks of vernalization, 
into a cultivar that requires more than 6 weeks of vernalization ('Plaisant'). We evaluated the 
time of flowering and frost tolerance in a group of 12 near-isogenic lines. We also showed that 
it is possible to manipulate and reduce the vernalization requirement without affecting frost 
tolerance, if the introgression does not drag along a neighboring region with a major locus for 
frost resistance. 
Second, we analyzed the expression of five genes, VRNH1, VRNH2, VRNH3, PPDH2 and PPDH1 
over time, in a series of experiments under different environmental conditions. We analyzed 
gene expression in four Spanish lines, five European varieties and 15 doubled haploid lines 
(and their parents) from two crosses. The Spanish lines SBCC058 and SBCC106 represent the 
most frequent haplotypes for the major flowering genes, present in the SBCC. We found that 
the activity of VRNH1 was mainly determined by the size of its first intron. Together, these 
observations confirmed that the different expression levels of VRNH1, caused by allelic 
variation in the gene, were responsible for the differences in the vernalization requirement. 
The results also support the hypothesis that it is VRNH1 who represses the expression of 
VRNH2 and not vice versa (both scenarios were under discussion at the moment). These 
experiments also showed that VRNH2 regulates, directly or indirectly, PPDH2 in barley, since 
the reduction in the expression of VRNH2 is closely correlated with increased activity of 
PPDH2. We propose that the role of PPDH2 may be promoting flowering, through an effect on 
VRNH3 or VRNH1, under non-inducive conditions (short photoperiod or incomplete 
vernalization). This effect would affect the adaptation of barley to regions with mild winters. 
Allelic variation in PPDH2 was analyzed in the SBCC and in a large group of winter and spring 
cultivars of barley. The active allele of PPDH2 is frequent in spring cultivars, that flower 
without vernalization, but rare in varieties with high vernalization requirement. However, in 
 xii 
the 140 Spanish lines with vernalization requirement, part of the SBCC, the active allele was 
present at high frequencies. This suggests that, under Spanish environmental conditions, with 
relatively short winters, the active PPDH2 allele may promote flowering, offsetting an 
incomplete vernalization. The results of a field experiment under non-inducive conditions 
support this hypothesis.  
Finally, we examined the role of the promoter of VRNH1 in barley. Different regions were 
fused with GFP, and expression of the resulting constructs was studied in transgenic barley. 
The promoter was sufficient to induce the expression of GFP in the leaves and the apex. The 
fluorescence increased in the apex, before the start of the development of the inflorescence, 
and was maintained from then on. The analysis of transgenic plants, with constructions made 
with serial deletions of the promoter, showed that about 300 bp of the proximal region are 
required for transcriptional activity to occur. However, other promoter regions also influenced 
the responses to low temperature. In fact, the promoter also contains motifs that could be the 
target of transcription factors that respond to temperature (CBFS or myc ICE1). These 
observations offer new insights into the mechanisms that regulate the induction of flowering 
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Figura 7.1. Esquema de las rutas de promoción de la floración en la cebada, basado en 
Trevaskis et al. (2007) y Higgins et al. (2010), incluyendo las nuevas hipótesis 






Indice de Tablas 
Table 3.1. Allelic constitution of BC3F3 NILs analysed. .............................................................. 38 
 
Table 3.2. Recovery of ‘Plaisant’ in BC3F3 NILs estimated with BOPA1 markers ....................... 40 
 
Table 4.1. Genotypes for the genes associated with responses to vernalization and 
photoperiod in the cultivars and lines under study. ................................................. 58 
 
Table 5.1. Distribution of PPDH2 (HvFT3) alleles in barley cultivars and landraces of the Spanish 
Barley Core Collection (SBCC) classified according to their growth habit. ............... 87 
 
Table 5.2. Allelic configuration of genes associated with responses to vernalization and 
photoperiod in the genotypes selected for expression analysis............................... 88 
 
Table 5.3. Analysis of variance with REML of days to heading in the field after different 





Capítulo 1. Introducción General .......................................................................................... 3 
1. 1. La cebada (Hordeum vulgare L.) ............................................................................... 3 
1.1.1. Origen y domesticación ............................................................................................ 3 
1.1.2. Taxonomía y citogenética ......................................................................................... 3 
1.1.3. Importancia económica y distribución geográfica del cultivo de la cebada ............. 5 
1.1.4. Mejora de la cebada ................................................................................................. 5 
1.1.5. Recursos fitogenéticos y la importancia de su conservación ................................... 7 
1.2. Fenología y adaptación ............................................................................................. 8 
1.2.1. Interacción de la fecha de espigado con la adaptación y el rendimiento ................ 8 
1.2.2. Tipos de cebadas en función de su fenología ........................................................... 9 
1.2.3. Factores que determinan la fecha de floración ........................................................ 9 
1.3. Control genético de las respuestas a la temperatura y al fotoperiodo ...................... 11 
1.3.1. Vernalización ........................................................................................................... 11 
1.3.1.1. VRNH1 (HvBM5A) ........................................................................................... 12 
1.3.1.2. VRNH2 (ZCCT-H) .............................................................................................. 13 
1.3.1.3. VRNH3 (HvFT1) ............................................................................................... 14 
1.3.1.4. Relaciones entre los tres genes VRN en cereales ........................................... 14 
1.3.1.5. Resistencia a heladas ...................................................................................... 15 
1.3.1.6. CBFs ................................................................................................................. 16 
1.3.2. Fotoperiodo ............................................................................................................ 16 
1.3.2.1. PPDH1 (HvPRR7) ............................................................................................. 17 
1.3.2.2. PPDH2 (HvFT3) ................................................................................................ 17 
1.3.2.3. Otros genes de respuesta al fotoperiodo ....................................................... 17 
1.4. Interacción entre vernalización y fotoperiodo ......................................................... 18 
1.5. Referencias ............................................................................................................ 18 
Capítulo 2. Objetivos ......................................................................................................... 31 
Capítulo 3. Introgression of an intermediate VRNH1 allele leads to reduced vernalization 
requirement without affecting freezing tolerance............................................................... 35 
3.1. Abstract ................................................................................................................. 35 
3.2. Introduction ........................................................................................................... 36 
3.3. Materials and methods........................................................................................... 37 
3.3.1. Plant material .......................................................................................................... 37 
 xxii 
3.3.2. Vernalization treatments ........................................................................................ 38 
3.3.3. Field trials ................................................................................................................ 39 
3.3.4. SNP genotyping ....................................................................................................... 39 
3.3.5. Statistical analyses .................................................................................................. 39 
3.4. Results ................................................................................................................... 40 
3.4.1. Recovery of the recurrent parent ........................................................................... 40 
3.4.2. Vernalization requirement ...................................................................................... 41 
3.4.3. Frost tolerance ........................................................................................................ 43 
3.4.4. Field flowering date ................................................................................................ 44 
3.5. Discussion .............................................................................................................. 45 
3.6. Conclusion ............................................................................................................. 48 
3.7. References ............................................................................................................. 48 
Capítulo 4. Expression analysis of vernalization and day-length response genes in barley 
(Hordeum vulgare L.) indicates that VRNH2 is a repressor of PPDH2 (HvFT3) under long 
days ............................................................................................................................. 55 
4.1. Abstract ................................................................................................................. 55 
4.2. Introduction ........................................................................................................... 56 
4.3. Materials and Methods .......................................................................................... 57 
4.3.1. Plant material .......................................................................................................... 57 
4.3.2. Plant growth conditions .......................................................................................... 58 
4.3.3. RT-PCR and real-time PCR analysis ......................................................................... 60 
4.3.4. Semi-quantitative PCR ............................................................................................ 60 
4.3.5. Real-time PCR quantification .................................................................................. 60 
4.3.6. Sequencing of HvFT3 (PPDH2) ................................................................................ 61 
4.3.7. Statistical analysis ................................................................................................... 61 
4.4. Results ................................................................................................................... 62 
4.4.1. Flowering time in response to vernalization .......................................................... 62 
4.4.2. Differences in gene expression ............................................................................... 62 
4.4.2.1. VRNH1 (HvBM5) .............................................................................................. 64 
4.4.2.2. VRNH2 (HvZCCTa, b) ....................................................................................... 64 
4.4.2.3. VRNH3 (HvFT1) ............................................................................................... 64 
4.4.2.4. PPDH1 (HvPRR7) ............................................................................................. 65 
4.4.2.5. PPDH2 (HvFT3) ................................................................................................ 66 
4.4.3. Sequencing of HvFT3 in ‘Alexis’ and SBCC058 ........................................................ 68 
 xxiii 
4.4.4. Regulation of HvFT3 expression under conditions that do not typically induce its 
expression ......................................................................................................................... 68 
4.5. Discussion .............................................................................................................. 70 
4.5.1. Expression of VRNH1 is responsible for a gradation in the vernalization 
requirements of barley ..................................................................................................... 70 
4.5.2. Expression analysis of vernalization and photoperiod genes ................................. 72 
4.5.3. Correlation between VRNH2 expression and HvFT3 repression ............................ 73 
4.6. References ............................................................................................................. 75 
Capítulo 5. Adaptation of barley to mild winters: A role for PPDH2 ..................................... 81 
5.1. Abstract ................................................................................................................. 81 
5.2. Introduction ........................................................................................................... 82 
5.3. Materials and Methods .......................................................................................... 84 
5.3.1. Genotyping .............................................................................................................. 84 
5.3.2. Gene expression analysis ........................................................................................ 84 
5.3.2.1. Plant material.................................................................................................. 84 
5.3.2.2. Conditions of plant growth ............................................................................. 85 
5.3.2.3. RT-PCR and real-time PCR analysis ................................................................. 85 
5.3.2.4. Statistical analysis of differences in gene expression  .................................... 85 
5.3.3. Field trial ................................................................................................................. 86 
5.3.3.1. Field trial of winter cultivars after vernalization treatment ........................... 86 
5.3.3.2. Statistical analysis of field trial ....................................................................... 86 
5.4. Results ................................................................................................................... 87 
5.4.1. Distribution of PPDH2 (HvFT3) alleles among domesticated barleys ..................... 87 
5.4.2. Cold-induced gene expression under a long-photoperiod ..................................... 88 
5.4.3. Effect of VRNH3, PPDH1 and PPDH2 and different vernalization treatments on 
heading date in winter cultivars ....................................................................................... 92 
5.5. Discussion .............................................................................................................. 94 
5.5.1. PPDH2 is not distributed randomly in barley germplasm ....................................... 94 
5.5.2. PPDH2 expression is mediated by the vernalization pathway in winter cultivars.. 96 
5.5.3. PPDH2 promotes flowering irrespective of photoperiod under non-inductive 
conditions.......................................................................................................................... 97 
5.6. Conclusion ............................................................................................................. 99 
5.7. References ........................................................................................................... 100 
Capítulo 6. The promoter of the VERNALIZATION1 gene is sufficient for low-temperature 
responsive reporter gene expression in transgenic barley (Hordeum vulgare). .................. 107 
 xxiv 
6.1. Abstract ............................................................................................................... 107 
6.2. Introduction ......................................................................................................... 108 
6.3. Materials and Methods ........................................................................................ 110 
6.3.1. Reporter gene constructs and barley transformation. .............................................. 110 
6.3.1.1. Construction of VRN1-reporter gene fusions ............................................... 110 
6.3.1.2. Barley Transformation .................................................................................. 110 
6.3.2. Gene expression analysis ...................................................................................... 111 
6.3.3. Rapid Amplification of cDNA ends (RACE) ............................................................ 111 
6.3.4. Confocal microscopy ............................................................................................. 112 
6.4. Results ................................................................................................................. 112 
6.4.1. A VRN1 promoter reporter gene fusion is expressed in the leaves and shoot apex 
of transgenic barley plants. ............................................................................................. 112 
6.4.2. The promoter of VRN1 is sufficient to mediate cold induction of the GFP reporter 
gene. ............................................................................................................................... 113 
6.4.3. Serial deletion of the VRN1 promoter identifies putative cis-acting regulatory 
regions............................................................................................................................. 114 
6.4.4. Cellular and tissue localisation of a VRN1::GFP translational fusion in transgenic 
barley .............................................................................................................................. 116 
6.4.5. Cold response motifs and a small upstream open reading frame are found in the 
promoter and 5’ untranslated region of the VERNALIZATION1 gene............................. 119 
6.5. Discussion ............................................................................................................ 120 
6.6. Conclusion ........................................................................................................... 123 
6.7. References ........................................................................................................... 123 
Capítulo 7. Discusión General ........................................................................................... 129 
7.1. Análisis de los principales genes que regulan el desarrollo de la cebada en respuesta a 
estímulos ambientales ................................................................................................ 129 
7.1.1. VRNH1 (HvBM5A) ................................................................................................. 130 
7.1.1.1. Intrón 1 ......................................................................................................... 131 
7.1.1.2. Promotor ....................................................................................................... 132 
7.1.1.3. VRNH1 y la tolerancia a frío .......................................................................... 134 
7.1.2. VRNH2 (ZCCT-H) .................................................................................................... 135 
7.1.3. VRNH3 (HvFT1) ...................................................................................................... 136 
7.1.4. PPDH1 (HvPRR7) ................................................................................................... 137 
7.1.5. PPDH2 (HvFT3) ...................................................................................................... 138 
7.2. Interacciones entre los principales genes de floración: nuevos descubrimientos .... 139 
 xxv 
7.3. Diversidad alélica y adaptación ............................................................................. 142 
7.4. Referencias .......................................................................................................... 144 
Capítulo 8. Conclusiones .................................................................................................. 151 





















Capítulo 1. Introducción General 
1. 1. La cebada (Hordeum vulgare L.) 
1.1.1. Origen y domesticación 
La cebada (Hordeum vulgare L.) fue una de las primeras plantas domesticadas. La hipótesis 
más aceptada indica que la domesticación de este cereal tuvo lugar hace aproximadamente 
unos 10.000 años, en el área del Creciente Fértil (Zohary y Hopf 1993; Lev-Yadun et al. 2000), a 
partir del ancestro silvestre Hordeum vulgare L. ssp. spontaneum C. Koch (von Bothmer et al. 
2003). Este antepasado de la cebada cultivada subsiste y ocupa extensos espacios en los 
hábitats primarios del Creciente Fértil, como el sur de Turquía, Kurdistán iraquí, el sudoeste de 
Irán, Israel y Jordania (Harlan y Zohary 1966; Harlan 1968). El cultivo de la cebada se difundió 
posteriormente hacia el Norte de África, Mediterráneo y Golfo Pérsico. Sin embargo, otros 
lugares como Etiopía (Bekele 1983; Orabi et al. 2007), Marruecos (Molina-Cano et al. 2002) y 
Asia Central (Morrell y Clegg 2007; Saisho y Purugganan 2007) también se han propuesto como 
centros de origen o diversificación de la cebada, por la gran variedad genética que se ha 
encontrado en esos lugares, y por indicios de existencia del ancestro silvestre. La expansión de 
la cebada por zonas ecogeográficas muy heterogéneas (Knüpffer et al. 2003) ha ocurrido 
gracias a una considerable flexibilidad adaptativa de la especie. Los investigadores de la 
cebada, incluyendo los mejoradores, estudian las causas de esta capacidad adaptativa e 
intentan controlarla para maximizar el éxito de este cultivo en un amplio rango de ambientes. 
1.1.2. Taxonomía y citogenética 
La taxonomía de la cebada según ITIS (Integrated Taxonomic Information System 













Subespecie: Hordeum vulgare L. subsp. spontaneum C Koch 
          Hordeum vulgare L. subsp. vulgare 
Aunque el género Hordeum contiene 16 especies y 26 taxa en total (GRAMENE 
http://gramene.org/) aquí se han indicado sólo las especies y subespecies más importantes en 
la cebada cultivada. 
La cebada (H. vulgare) es una planta autógama, anual y diploide (2n=2x =14 cromosomas). El 
tamaño de su genoma haploide es aproximadamente 5.100 Mb (Arumuganathan y Earle 1991; 
Doležel et al. 1998), mucho mayor que el de las especies modelo de dicotiledóneas como 
Arabidopsis thaliana (~110 Mb), y monocotiledóneas como Oryza sativa (~430 Mb), Sorghum 
bicolor (~730 Mb) y Brachypodium distachyon (~270 Mb). Sin embargo, se ha visto que el 
tamaño de su genoma no es debido a la presencia de un mayor número de genes en 
comparación con otras especies de la tribu Triticeae (perteneciente a la familia Poaceae), sino 
a la existencia de grandes regiones de ADN repetitivo, en particular de amplificación de 
retrotrasposones (Bennetzen et al. 1998; Ramakrishna et al. 2002). De hecho, se ha estimado 
que la cebada tiene unos 32.000 genes (Mayer et al. 2011), número no muy distinto de los 
estimados para arroz (41.000 genes, Jung et al. 2008), sorgo (34.500 genes, Paterson et al. 
2009) o Brachypodium (30.000 genes, The International Brachypodium Initiative 2010). En 
consecuencia, la complejidad y el tamaño del genoma de la cebada ha dificultado su estudio y 
ha hecho más complicado el desarrollo de una secuencia genómica estándar de referencia que 
facilite su análisis. La secuenciación completa del genoma de la especie se espera para los 
próximos años, liderada por un consorcio internacional (International Barley Sequencing 
Consortium o IBSC, http://barleygenome.org/, Schulte et al. 2009). El estudio del genoma de la 
cebada mediante técnicas genéticas y citogenéticas permitió identificar y localizar más de 1000 
genes (von Wettstein-Knowles 1992). Además, las nuevas técnicas disponibles de genómica y 
secuenciación han facilitado la identificación de unas 22.500 secuencias completas de genes 
(Matsumoto et al. 2011). 
A lo largo de la historia, la cebada ha sido un importante modelo para los estudios clásicos de 
genética, ya que su genoma diploide ha facilitado el análisis genético de otros cultivos de 
cereales muy próximos, como las distintas especies de trigo o el centeno. La cartografía 
comparativa entre el genoma de la cebada y otras especies de la familia de Triticeae muestra 
que los cromosomas de la cebada son homeólogos a los de otros miembros de esa familia, por 
lo que se denominan 1 ó 7H, 2 ó 2H, 3 ó 3H, 4 ó 4H, 5 ó 1H, 6 ó 6H y 7 ó 5H, respectivamente 
(H por Hordeum), en comparación con los de trigo y otros cereales (Linde-Laursen et al. 1997). 
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1.1.3. Importancia económica y distribución geográfica del cultivo de la cebada 
La cebada es una de las especies cultivadas más antiguas del mundo. Es el cuarto cereal en 
cuanto a superficie cultivada en el mundo (566.000 km2) y en términos de cantidad de 
producción (136 millones de toneladas) después del maíz, el arroz y el trigo (FAOSTAT, datos 
del 2008).  
La Unión Europea es el principal productor de cebada en el mundo con alrededor de 60 
millones de toneladas por año. A nivel mundial, España suele ocupar uno de los primeros 
lugares en cuanto a producción, el tercer lugar en 2007 y el quinto en 2008, con 11-12 millones 
de toneladas, después de Rusia y a niveles similares a Francia, Alemania, Canadá y Ucrania 
(FAOSTAT 2008). De hecho, en España la cebada es el principal cultivo en superficie utilizada, 
3,5 millones de hectáreas, lo que supone un 20% del total de las tierras de cultivo del país en 
2008, el año más reciente del que hay datos, (MARM 2009), aunque no en valor, dado el bajo 
precio de comercialización de la semilla. Esto supone el 51,6% del total de superficie dedicada 
a los cereales y el 46,6 % de la producción total de cereales en 2008 (MARM 2009). 
En 2008, la cebada fue cultivada en unos 100 países en el mundo. La principal razón de la 
amplia extensión del cultivo es la gran adaptabilidad ecológica a condiciones ambientales muy 
diversas, incluyendo latitudes y altitudes extremas (Ullrich 2002) así como las regiones más 
húmedas de Europa o las regiones más secas de África y Asia (Briggs 1978). El gran número de 
usos a los que se dedica la cebada favorecen también la amplia distribución de su cultivo. Estos 
usos incluyen la alimentación humana, bien directamente, como en las regiones montañosas 
del Asia Central y del Suroeste o en países del norte de África y Etiopía (von Bothmer et al. 
2003), como a través de la producción de malta que se utiliza en la producción de cerveza y de 
ciertas bebidas destiladas. De hecho, alrededor de 18 millones de toneladas de cebada se 
destinan cada año a la fabricación de cerveza (Fischbeck 2002). Otro uso muy común de la 
cebada es la alimentación animal (como pienso y forraje), principal destino de este cereal en 
España, aunque recientemente han aparecido nuevos usos no alimentarios como la 
producción de bioetanol. 
1.1.4. Mejora de la cebada 
Los procesos de domesticación y mejora de la cebada han determinado el acervo genético de 
este cultivo. La mejora moderna en Europa comenzó en el siglo XIX, con una primera etapa de 
selección dentro de las variedades locales tradicionales. Posteriormente, a partir de los años 
30 del siglo XX, se hicieron cruzamientos entre variedades de alto rendimiento, que procedían 
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de zonas geográficas distintas (Fischbeck 1992). En los últimos años, además de continuar la 
mejora dentro del material élite, se ha favorecido la introgresión de germoplasma exótico 
procedente de variedades locales o especies silvestres, para introducir genes de resistencia a 
enfermedades, como el oídio y la roya. En las últimas décadas, ha habido una preocupación 
creciente por la posibilidad de que se esté estrechando la base genética empleada para la 
mejora y obtención de nuevas variedades en Europa. De hecho, unos pocos cultivares se 
encuentran en la mayoría de los pedigríes de cultivares de cebadas europeas a finales del siglo 
XX (Graner et al. 1994). 
La mejora de la cebada, en su mayor parte, es un proceso empírico, que se basa en obtener 
nuevas variedades que sean más productivas con unos rendimientos más estables y de mejor 
calidad, adaptadas a estreses bióticos y abióticos. En las primeras generaciones segregantes, 
los mejoradores suelen centrarse en caracteres de alta heredabilidad, como la fenología, la 
altura y forma de espiga, mientras que caracteres como la calidad o el rendimiento se dejan 
para las fases finales (Voltas et al. 2002). La mejora del rendimiento en grano está relacionada 
con la longitud del ciclo vegetativo, de ahí la diferencia de rendimiento potencial entre las 
cebadas sembradas en otoño y las sembradas en invierno o primavera. Además, la adaptación 
ecológica y la resistencia a estreses bióticos (enfermedades y plagas) y abióticos (sequía, 
salinidad, etc.) juegan un papel fundamental en la estabilidad de los rendimientos del cultivo.  
Las variedades actuales de cebada son, en gran mayoría, líneas puras. Para obtenerlas, se 
siguen distintos esquemas de selección. Los más comunes son la selección masal, genealógica, 
single-seed-descent, o combinaciones entre ellas, así como el retrocruzamiento cuando el 
objetivo es la transferencia de caracteres sencillos. En todos los casos, se parte de 
cruzamientos y se autofecundan las descendencias, combinándolo con fases de selección, 
hasta llegar a una homocigosis total. Actualmente, se emplean de modo creciente los 
marcadores moleculares en distintas etapas de los procesos de selección, bien para 
transferencia de regiones genómicas concretas (Rae et al. 2007) que contienen QTLs 
(Quantitative Trait Loci), o bien para el aumento global de la frecuencia de alelos favorables 
(genomic selection, Heffner et al. 2009). En cualquier caso, al llegar a las generaciones 
avanzadas son necesarios ensayos en múltiples localidades para la identificación de los 
mejores genotipos. Se trata de muestrear los ambientes en los que se cultivarán las futuras 
variedades. Esta cuestión no es fácil, ya que habitualmente se produce una interacción 
genotipo por ambiente (GxE). La interacción GxE, la expresión genotípica diferencial en función 
de los distintos ambientes, juega un papel importante en los programas de mejora (Fox et al. 
1997). Asimismo, los rendimientos medios obtenidos en una serie de ambientes no deberían 
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considerarse como criterio central de selección, a no ser que no exista GxE (Voltas et al. 2002). 
El tipo y magnitud de esta interacción condiciona los objetivos de la mejora (adaptación amplia 
o específica) y también la elección de las localidades de selección. La identificación de 
genotipos adaptados a la zona objetivo, y por tanto con tendencia a mostrar menor 
interacción GxE, es un factor clave para conseguir variedades con mayor rendimiento. La 
respuesta fenológica de las variedades, su adaptación a los ciclos naturales de temperatura y 
duración del día, es un elemento fundamental que afecta a la interacción GxE. 
1.1.5. Recursos fitogenéticos y la importancia de su conservación 
La aparición de nuevas variedades muy productivas y adaptadas a las técnicas agrícolas 
modernas y mecanizadas ha sido la causa fundamental de la erosión genética, al disminuir el 
cultivo de las variedades tradicionales. El uso de estas variedades modernas ha provocado la 
desaparición de un patrimonio genético importante en muchas partes del mundo, entre ellas 
Europa. La FAO estima en un 75% la pérdida de la diversidad genética de las plantas cultivadas 
desde el principio del siglo XX. En consecuencia, dependemos cada vez más de un número 
reducido de variedades cultivadas (FAO 1993). Esta uniformidad genética incrementa los 
riesgos y la vulnerabilidad de los cultivos frente a las enfermedades y plagas. Las variedades 
ancestrales de cebada comenzaron a ser reemplazadas gradualmente en el Reino Unido, 
durante la primera mitad del siglo XIX. Allí, los agricultores seleccionaron y distribuyeron 
ampliamente semillas “mejoradas”, cuyo rendimiento era más alto o de mejor calidad. A partir 
de la segunda mitad del siglo XIX, las variedades tradicionales de cebada fueron rápidamente 
sustituidas en casi toda Europa Central y del Noroeste (Fischbeck 2003), llegando a 
desaparecer en muchas regiones, ya que hasta la primera mitad del siglo XX no se 
generalizaron las iniciativas para la conservación de semillas (Schachl 1975). En España e Italia, 
el reemplazo de las variedades tradicionales se retrasó hasta la segunda mitad del siglo XX, lo 
que produjo una ventaja adicional, puesto que en esta época ya había preocupación de 
prevenir la extinción de estas variedades. De esta manera, muchas de ellas fueron 
recolectadas con objeto de guardarlas en bancos de germoplasma (Fischbeck 2003). En el 
Centro Nacional de Recursos Fitogenéticos del INIA se conservan 2.155 entradas de cebada, de 
las cuales el 91% son variedades tradicionales españolas. Muchas de ellas fueron recogidas 
antes de 1942, o sea, antes de la introducción masiva de variedades foráneas. La recolección 
de estas variedades cubrió la totalidad de las zonas geográficas del cultivo de la cebada en 
España (Igartua et al. 1998). El estudio de variedades tradicionales españolas confirmó la 
peculiaridad de algunas de ellas, y sugirió que evolucionaron independientemente durante un 
periodo que pudo ser de hasta miles de años, bajo las condiciones locales mediterráneas, de 
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tal modo que estas variedades tradicionales podrían ser una fuente de alelos para adaptación 
a estos ambientes (Casas et al. 1998; Igartua et al. 1998). 
Un mayor empleo del germoplasma autóctono podría dar un nuevo impulso a la selección de 
variedades adaptadas a las condiciones de cada territorio. En este sentido, se constituyó la 
Colección Nuclear de Cebadas Españolas (CNCE) (Igartua et al. 1998; Lasa et al. 2001) con la 
colaboración del IRTA de Catalunya, el ITA de Castilla y León y la Estación Experimental de Aula 
Dei del Consejo Superior de Investigaciones Científicas, EEAD-CSIC. Esta colección, 
representativa de la diversidad genética de las cebadas españolas, ha mostrado características 
de adaptación y singularidad genética notables (Yahiaoui et al. 2008; Casas et al. 2011). 
1.2. Fenología y adaptación 
Las plantas son organismos sésiles que no pueden escapar ni refugiarse ante condiciones 
hostiles. Necesitan, por tanto, disponer de mecanismos que les permitan tolerar y adaptarse a 
las variaciones del ambiente. Uno de estos mecanismos es la facultad de modificar su 
programa de desarrollo en respuesta a los estímulos ambientales. Gracias a la modulación de 
su plan de desarrollo, las plantas se aseguran de que la floración ocurra en el tiempo en el que 
existe la mayor probabilidad de éxito para la polinización, el desarrollo y la dispersión de la 
semilla. 
1.2.1. Interacción de la fecha de espigado con la adaptación y el rendimiento 
El rendimiento es el producto de los procesos de crecimiento y desarrollo, que tienen lugar a lo 
largo del ciclo de cultivo, con numerosos factores genéticos que lo condicionan directa o 
indirectamente. Entre los más importantes están aquellos que determinan la adaptación al 
medio de cultivo y los que tienen efecto sobre el potencial productivo propiamente (Slafer 
2003). 
En las zonas donde los recursos hídricos son escasos, como en las regiones de clima 
mediterráneo, el factor principal de adaptación a los cultivos es el ajuste fenológico. En el caso 
de la cebada, la adecuación de la fecha de floración al periodo del ciclo de cultivo en la que los 
recursos hídricos y ambientales son más favorables, determina el rendimiento final (van 
Oosterom y Acevedo 1992). La variación en la fecha de floración en respuesta a las condiciones 
ambientales se debe en buena medida a la suma de los efectos directos e interacciones de los 
genes que regulan el paso del estado de desarrollo vegetativo al reproductivo. Este hecho 
determina a su vez la duración de las fases del desarrollo de la planta e, indirectamente, la 
producción de materia seca, el número de las estructuras que contribuyen al rendimiento final 
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(hijuelos, espigas y granos), y la manera en que la materia seca está distribuida por la planta 
(García del Moral et al. 2002). 
En las condiciones de clima mediterráneo de España, la parte final del ciclo de cultivo suele ser 
seca y cálida. Por tanto, es importante evitar las floraciones tardías, que ocurrirían en épocas 
en las que el estrés hídrico produce una substancial disminución del rendimiento. Sin embargo, 
una excesiva precocidad en este ambiente impide al cultivo aprovechar al máximo las lluvias 
de principios de primavera y puede exponerlo a heladas tardías en un momento crucial del 
crecimiento. De este modo, el margen de fechas de espigado en el que el cultivo puede 
expresar al máximo su potencial rendimiento es bastante restringido, y hay que producir 
variedades cuya floración ocurra en ese periodo. 
1.2.2. Tipos de cebadas en función de su fenología 
La cebada se puede clasificar atendiendo a criterios genéticos, morfológicos, agronómicos o de 
uso final. Según a su adaptación agronómica o fenológica, se distinguen cebadas de invierno o 
ciclo largo y cebadas de primavera o ciclo corto. Las variedades de invierno se siembran en 
otoño, florecen al comienzo de la primavera y se cosechan al final de ésta o al principio del 
verano. En latitudes altas y regiones montañosas, la cebada se suele sembrar en la segunda 
mitad del invierno (en climas mediterráneos) o en primavera, para escapar a los daños 
causados por el frío del invierno. En estas regiones, se requieren tipos de primavera para 
crecer y florecer normalmente. Los tipos de primavera se cultivan también en ciertos climas en 
latitudes bajas, donde las temperaturas son demasiado altas para inducir vernalización en los 
tipos de invierno. En las regiones de latitudes medias, incluyendo el norte de África, el sur de 
Europa, Nepal, China y Japón, los dos tipos de cebadas (primavera e invierno) se siembran 
generalmente en otoño (von Bothmer et al. 2003). Esta distinción dicotómica es una 
simplificación de una realidad más compleja, como veremos a lo largo de la tesis. Es una 
clasificación útil pero insuficiente para describir los tipos de variedades que existen basándose 
en su dotación genética.  
1.2.3. Factores que determinan la fecha de floración 
El paso más importante en el programa de desarrollo es el que marca la transición del estado 
vegetativo al reproductivo, y que determina la época correcta para florecer. El fotoperiodo y la 
temperatura (tanto per se, como la baja temperatura asociada al requerimiento de frío) son 
dos de las principales señales ambientales que las plantas detectan para activar los procesos 
necesarios para florecer. En las plantas, una reacción específica a la temperatura es el requisito 
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de exposición a un periodo de bajas temperaturas, para que la planta adquiera la capacidad de 
realizar el cambio del estado vegetativo al estado reproductivo y de florecer. Este mecanismo, 
que recibe el nombre de “vernalización”, previene el desarrollo de las flores durante el 
invierno, proporcionando protección contra el frío a los órganos florales, y lo suelen manifestar 
las variedades de invierno. Los rangos de temperatura entre los que existe efecto de 
vernalización en la cebada varían, según los autores, desde -5 hasta 16°C, con un efecto 
máximo entre 0 y 8°C (Roberts et al. 1988), o desde 3 hasta 12°C, con un efecto óptimo en 7°C 
(Trione y Metzger 1970). 
La floración de muchas especies que necesitan vernalización, como los cereales, también se 
promueve por la exposición a fotoperiodos largos (más de 12 horas de luz), y este requisito 
proporciona otro dispositivo de seguridad para impedir que la floración ocurra al final del 
otoño, cuando los días son cortos (Sung y Amasino 2004). El fotoperiodo y la vernalización 
afectan solamente a la tasa de desarrollo en determinadas fases fenológicas, pero la 
temperatura per se afecta a todas las fases y no se ha descrito ningún cultivar cuya tasa de 
desarrollo sea insensible a este factor (García del Moral et al. 2002). Un tercer factor que 
afecta a la fecha de floración es la precocidad intrínseca en sentido estricto (Boyd et al. 2003), 
cuyas causas no son atribuibles a la vernalización o al fotoperiodo. 
En los cereales, la denominación de “genotipos de invierno” se ha considerado sinónimo de 
genotipos que requieren vernalización. Actualmente, se consideran como genotipos de 
invierno, aquellos en los que se necesita una señal externa para inducir el paso a la fase 
reproductiva, pudiendo ser ésta una acumulación de horas de frío (Limin y Fowler 2002) y/o un 
fotoperiodo de suficiente duración (Karsai et al. 2001). Habitualmente, los genotipos de 
invierno, que tienen sensibilidad al fotoperiodo largo, sólo la manifiestan cuando las 
necesidades de vernalización se han satisfecho completamente (Boyd et al. 2003). Los 
“genotipos de primavera” serían aquellos que no tienen requerimiento de vernalización y no 
responden al día largo. 
Las variedades de invierno deben poseer además, mecanismos para resistir los posibles daños 
por heladas, que se pueden dar con cierta frecuencia durante el cultivo. La tolerancia a heladas 
puede ser definida como la capacidad de las plantas a sobrevivir a temperaturas muy bajas, así 
como de evitar el daño a los tejidos vegetativos, y minimizar otros efectos negativos de las 
bajas temperaturas en el rendimiento futuro. Esta resistencia a frío ocurre durante el invierno 
y es distinta de las heladas primaverales, que ocurren durante el estado reproductivo, en 
primavera, y pueden causar esterilidad de las anteras, aborto de las espigas y daño en el 
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desarrollo del grano (Reinheimer et al. 2004; Chen et al. 2009). Por eso, existe una estrecha 
relación entre la tolerancia a heladas y el estado de desarrollo de la planta (Limin et al. 2007). 
Las variedades de invierno de cebada se plantan en otoño, y suelen tener una tolerancia 
suficiente para resistir a las temperaturas de helada habituales en cada zona, aunque hasta los 
mejores mecanismos de tolerancia dejan de proteger a las plantas a temperaturas 
extraordinariamente bajas. 
La evaluación de la CNCE, ha puesto de manifiesto la presencia de combinaciones alélicas 
características en los principales genes de respuesta a vernalización y fotoperiodo, que 
apuntan a la existencia de claros caracteres de adaptación fenológica a las condiciones de la 
península ibérica (Casas et al. 2011). Además, se han identificado materiales con 
comportamientos intermedios que no encajan en las clases típicas de genotipos de invierno o 
primavera. De hecho, se ha observado que la distribución de los ecotipos locales en la 
península sigue claramente la distribución climática (Yahiaoui et al. 2008). En ese estudio se 
pudo distinguir cómo la mayor parte de las cebadas españolas se agrupan fundamentalmente 
en dos poblaciones, diferenciadas genética y geográficamente. Una se ubica en los climas más 
continentales de la Meseta, con inviernos más fríos, y la otra en los climas más suaves del sur, 
de la costa de Levante y del valle del Ebro. El estudio detallado de líneas de esta colección 
permitirá conocer la base genética de la adaptación de la cebada a los climas mediterráneos de 
la península. En este trabajo estudiaremos algunas de las líneas con comportamientos más 
representativos. 
1.3. Control genético de las respuestas a la temperatura y al fotoperiodo 
1.3.1. Vernalización 
El modelo clásico de control genético de la vernalización en cebada, formulado por Takahashi y 
Yasuda (1971) se basaba en 3 loci: Sh/sh, Sh2/sh2 y Sh3/sh3 (según la nomenclatura de los 
autores), con localización aparente en los cromosomas 4HL, 5HL, y 1HL, respectivamente. 
Estos genes presentan relaciones epistáticas entre sí. Sólo la combinación alélica 
ShShsh2sh2sh3sh3 confiere hábito de crecimiento invernal. Todas las demás producirían 
genotipos con hábito primaveral. Tanto Sh2 como Sh3 son epistáticos sobre el alelo de invierno 
dominante Sh, y el alelo recesivo de primavera shsh es epistático sobre sh2 y sh3 (Yasuda 1981). 
Estos genes se conocen ahora por las denominaciones VRNH1 (Sh2), VRNH2 (Sh) y VRNH3 (Sh3). 
Takahashi y Yasuda (1971) estudiaron una gran cantidad de genotipos de cebada. Estos 
autores encontraron una gradación de requerimientos de vernalización, aparentemente 
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asociada con la existencia de una serie alélica en el locus VRNH1, donde varios alelos 
dominantes condicionan variaciones en la respuesta a las bajas temperaturas en genotipos que 
no son puramente de invierno. Recientemente, se ha empezado a estudiar el rango de 
variación de esas series alélicas (Cockram et al. 2007; Hemming et al. 2009).  
Las variantes alélicas en el locus VRNH3 habían sido descritas solamente en cebadas de 
latitudes extremadamente altas o bajas (Takahashi y Yasuda 1971). Se cree que la mayoría de 
las variedades de cebada europeas tienen fijados alelos de invierno en VRNH3, por lo que los 
genes de vernalización sólo segregan para VRNH1 y VRNH2 (Takahashi y Yasuda 1971; Yasuda 
et al. 1993). De este modo, en las variedades comúnmente utilizadas en Europa solamente se 
esperaba encontrar variación en estos dos loci. Recientemente se ha descrito diversidad alélica 
a nivel molecular para VRNH3 (Yan et al. 2006; Cuesta-Marcos et al. 2010; Casas et al. 2011) y 
se ha demostrado experimentalmente su papel en la ruta de floración en cereales, aunque su 
participación en la respuesta a la vernalización no está totalmente explicada (Trevaskis et al. 
2007; Distelfeld et al. 2009; Shimada et al. 2009). 
Por tanto, las teorías actuales mantienen que la variación en el requerimiento de vernalización 
viene determinada por VRNH1 y VRNH2, mientras que la participación de VRNH3 aún precisa 
de mayor demostración experimental. 
1.3.1.1. VRNH1 (HvBM5A) 
HvBM5A (que corresponde a TmAP1 o WAP1 en trigo) ha sido identificado como gen candidato 
para VRNH1 (Danyluk et al. 2003; Trevaskis et al. 2003; Yan et al. 2003). HvBM5A es un factor 
de transcripción de tipo “MADS box” similar a AP1 en Arabidopsis thaliana (Yan et al. 2003). 
VRNH1 promueve la transición del ápice del estado vegetativo al reproductivo. El alelo de 
primavera (que indica ausencia de requerimiento de vernalización) es el dominante, mientras 
que los alelos de invierno son recesivos. 
La diversidad alélica en VRNH1 ha sido descrita, principalmente, en relación a diferencias de 
tamaño observadas en su primer intrón (Fu et al. 2005; Cockram et al. 2007; Szűcs et al. 2007), 
como consecuencia de inserciones o deleciones, que pueden abarcar una zona crítica de 
regulación del requerimiento de vernalización (von Zitzewitz et al. 2005; Hemming et al. 2009), 
y que parecen estar asociadas con el hábito de crecimiento de primavera (Danyluk et al. 2003; 
Trevaskis et al. 2003, 2006; Fu et al. 2005; von Zitzewitz et al. 2005). Estas deleciones dan lugar 
a una serie alélica que, muy posiblemente, sea la responsable de las diferencias graduales en 
los requerimientos de vernalización de los diferentes genotipos. 
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Este gen presenta altos niveles de expresión basal en plantas que tienen alelos de primavera 
incluso en ausencia de vernalización y con fotoperiodo largo (Trevaskis et al. 2006). En las 
variedades de invierno, que responden a vernalización, la expresión de VRNH1 está reprimida 
hasta que las plantas son expuestas a bajas temperaturas por un periodo suficientemente 
largo (Yan et al. 2003; von Zitzewitz et al. 2005; Sasani et al. 2009). El gen VRNH1 se expresa a 
niveles bajos en hojas y ápices en variedades que necesitan vernalización y se induce en todas 
ellas por un tratamiento frío (Danyluk et al. 2003; Trevaskis et al. 2003; von Zitzewitz et al. 
2005). La mayor expresión de VRNH1 está correlacionada con una disminución en el tiempo a 
floración (Trevaskis et al. 2003). Las distintas deleciones en el intrón 1 seguramente causan 
una variación en los niveles de expresión de VRNH1 en plantas que no han sido vernalizadas 
(Hemming et al. 2009), lo que lleva a diferencias en la fecha de floración (Trevaskis et al. 2003; 
von Zitzewitz et al. 2005). Sin embargo, existen evidencias recientes de que la inducción por 
frío no se debe, o al menos no solamente, a los polimorfismos presentes en el primer intrón 
(Hemming et al. 2009). Es posible que existan otras partes del gen implicadas en su regulación. 
Se han propuesto variaciones funcionales para VRNH1 debidas a diferencias en el promotor, 
tanto en trigo como en cebada, (Yan et al. 2003; Beales et al. 2005; von Zitzewitz et al. 2005). 
Existen secuencias en el promotor que podrían ser lugares de unión de factores de 
transcripción que responden a bajas temperaturas, tales como los CBFs, los myc o B-ZIP (Li y 
Dubcovsky 2008; Pidal et al. 2009), aunque esto todavía requiere más estudios. 
1.3.1.2. VRNH2 (ZCCT-H) 
El clúster de genes ZCCT-H (ZCCT-Ha, ZCCT-Hb, ZCCT-Hc, correspondientes a ZCCT1 en trigo) ha 
sido identificado como el gen candidato de VRNH2 (von Zitzewitz et al. 2005). HvZCCT/VRNH2 
es un factor de transcripción que contiene un dominio “zinc-finger” en el primer exón, y un 
dominio CCT (similar a CONSTANS) en el segundo exón (Yan et al. 2004). VRNH2 actúa como un 
represor de la floración, retrasándola en plantas que no han sido vernalizadas (Takahashi y 
Yasuda 1971; Yan et al. 2004; Karsai et al. 2005). 
Respecto a la variación alélica en VRNH2, Karsai et al. (2005) comprobaron que se debía a 
presencia/ausencia de los genes ZCCT-H, que corresponde al genotipo dominante (presencia) o 
recesivo (ausencia), respectivamente. Además, se ha podido comprobar que el alelo de 
primavera, vrnH2, se ha creado por deleción de los 3 genes en casi todas las variedades 
examinadas hasta ahora (Yan et al. 2004; Dubcovsky et al. 2005; Karsai et al. 2005; von 
Zitzewitz et al. 2005). Está todavía a debate cuál de los genes ZCCT-H (ZCCT-Ha o ZCCT-Hb) es 
funcionalmente responsable (Dubcovsky et al. 2005; Trevaskis et al. 2006, Szűcs et al. 2007). 
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La expresión de VRNH2 es inducida por la longitud del día, de manera que se expresa con 
fotoperiodo largo, mientras que su expresión es reprimida por el fotoperiodo corto y por altos 
niveles de expresión de VRNH1 (Dubcovsky et al. 2006; Trevaskis et al. 2006). Esto último 
podría explicar por qué la expresión de VRNH2 disminuye en presencia de vernalización, y que 
esa reducción acelere la floración (Yan et al. 2004; Trevaskis et al. 2006), lo que explicaría la 
interacción observada entre estos dos genes (Tranquilli y Dubcovsky 2000). 
1.3.1.3. VRNH3 (HvFT1) 
HvFT1 se ha identificado recientemente como el gen candidato de VRNH3 (Yan et al. 2006; 
Faure et al. 2007; Kikuchi et al. 2009), que corresponde a un homólogo del gen FLOWERING 
LOCUS T (FT) de Arabidopsis thaliana (Turck et al. 2008). Este gen se ha localizado en el brazo 
corto del cromosoma 7H y no en el 1H, como predecían los estudios clásicos de Takahashi y 
Yasuda (1971). En cereales, FT1 es un promotor de la floración y es activado por fotoperiodo 
largo, tanto en variedades de invierno como de primavera (Yan et al. 2006; Faure et al. 2007; 
Hemming et al. 2008). En Arabidopsis y arroz, se ha comprobado que FT se comporta como 
una señal que actúa a larga distancia (“florigen”), que es transportada desde las hojas hasta los 
ápices y promueve el desarrollo floral (Corbesier et al. 2007; Tamaki et al. 2007). 
Yan et al. (2006) propusieron que el genotipo para VRNH3, dominante o recesivo, depende de 
la variación en dos SNPs (Single Nucleotide Polymorphism) en el primer intrón del gen, siendo 
el dominante el genotipo de primavera (Yan et al. 2006; Faure et al. 2007). Nuestro grupo ha 
demostrado recientemente que tanto el promotor como el intrón del gen tienen un papel en 
la función del mismo (Casas et al. 2011). 
En variedades de invierno, VRNH3 sólo se expresa después de una exposición prolongada a 
bajas temperaturas (Yan et al. 2006; Hemming et al. 2008). El papel de VRNH3 (HvFT1) podría 
extenderse más allá de la vernalización, y ha sido propuesto como el integrador de las rutas de 
vernalización y fotoperiodo en el proceso de floración (Hemming et al. 2008; Distelfeld et al. 
2009). 
1.3.1.4. Relaciones entre los tres genes VRN en cereales 
Se han propuesto 2 modelos para explicar la interacción epistática entre VRN1, VRN2 y VRN3 
en la familia Triticeae (Distelfeld y Dubcovsky 2010) (Figura 1.1). En los 2 modelos, la 
vernalización induce la expresión de VRN1, mientras que el fotoperiodo largo induce la 
expresión de VRN2 y VRN3. En el primer modelo (a) propuesto por Trevaskis et al. (2007) y 
Distelfeld et al. (2009), VRN2 es un represor de FT (VRN3) en fotoperiodo largo. En este 
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modelo, la expresión de FT induciría la de VRN1, el cual provocaría la represión de VRN2. En el 
segundo modelo (b), planteado por Shimada et al. (2009), la expresión de VRN1 inducida por la 
vernalización, promueve la expresión de FT, el cual actúa como represor de VRN2. En este 
modelo cuando VRN2 se expresa reprime a VRN1. 
 
Figura 1.1. Modelos generales de floración propuestos en cereales (Figura presentada por Distelfeld y 
Dubcovsky 2010). En ellos se representan las distintas interacciones entre los tres principales genes de 
vernalización (VRN1, VRN2 y VRN3). (a) Modelo propuesto por Trevaskis et al. (2007) y Distelfeld et al. 
(2009) (b) Modelo propuesto por Shimada et al. (2009). 
 
1.3.1.5. Resistencia a heladas 
Como se ha explicado anteriormente, el desarrollo de los cereales en respuesta a las 
condiciones ambientales está íntimamente relacionado con la minimización del riesgo de 
exposición a las heladas. La relación parece que llega también, hasta cierto punto, al nivel 
genético. 
Se han identificado dos loci que controlan la resistencia a heladas (Galiba et al. 2009) que son 
Frost Resistance 1 (Fr-1) y Frost Resistance 2 (Fr-2) (Hayes et al. 1993; Galiba et al. 1995; 
Francia et al. 2004). Estos dos loci se localizan en el mismo cromosoma en cebada (5H) y trigo, 
aproximadamente a unos 20-50 cM entre sí (Vágújfalvi et al. 2000; Toth et al. 2003; Francia et 
al. 2004). Fr-H1 co-segrega con VRNH1, mientras que Fr-H2 se encuentra en la región 
cromosómica que engloba a un cluster de genes que codifican a C-repeat Bindings Factors 
(CBFs) (Vágújfalvi et al. 2003; Skinner et al. 2006; Tondelli et al. 2006; Francia et al. 2007). No 
está claro si Fr-H1 y VRNH1 son dos genes independientes, o si se trata de un efecto 
pleiotrópico de VRN1, como parecen indicar los últimos estudios en trigo (Dhillon et al. 2010). 
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Los meristemos reproductivos son más sensibles al daño por heladas que los meristemos 
vegetativos. Por tanto, pequeñas diferencias en estados del desarrollo pueden afectar a la 
capacidad de las plantas para sobrevivir y tolerar las bajas temperaturas. Así pues, parece que 
hay una relación directa entre la resistencia a heladas y el estado de desarrollo de la planta. 
Como consecuencia de esta relación, las diferencias alélicas en los genes que regulan el inicio 
de la fase reproductiva debido al fotoperiodo (genes PPD) (Turner et al. 2005) o a la 
vernalización (genes VRN) (Trevaskis et al. 2003; Yan et al. 2003, 2004 y 2006) tienen un gran 
impacto en la tolerancia a frío. Los genes de vernalización son de especial interés, ya que son 
regulados por una exposición larga al frío, pero no por temperaturas de heladas. La reciente 
identificación de los principales genes responsables de variación natural en el requerimiento 
de vernalización y la aclimatación a temperaturas de helada, ha dado nuevas perspectivas 
sobre la regulación de la tolerancia a frío en cereales (Dhillon et al. 2010). 
1.3.1.6. CBFs 
La familia de genes CBF está ampliamente extendida en los cereales cultivados en climas 
templados. Los genes CBF, también conocidos como DRE-binding factors (Dehydration 
Responsive Elements), no contienen intrones. La familia de estos genes en cebada está 
formada por 17 miembros (Skinner et al. 2005). Se han mapeado al menos 11 CBFs diferentes 
en la región que engloba el locus Fr-H2 en cebada (Skinner et al. 2006; Tondelli et al. 2006; 
Francia et al. 2007). Los CBFs codifican para factores de transcripción, que se unen a regiones 
altamente conservadas de promotores de genes que responden a la deshidratación y al frío 
(Stockinger et al. 1997; Liu et al. 1998). En cebada, la unión entre algunas proteínas CBF y el 
DNA sólo se observa a bajas temperaturas (Xue 2003; Skinner et al. 2005). En trigo y cebada los 
niveles de transcritos de CBFs se inducen por frío y/o sequía (Choi et al. 2002; Vágújfalvi et al. 
2003), aunque también se ven afectados por el fotoperiodo (Stockinger et al. 2007). Algunos 
CBFs se expresan a bajos niveles en condiciones no estresantes (Xue et al. 2003; Kobayashi et 
al. 2005; Vágújfalvi et al. 2005; Badawi et al. 2007; Stockinger et al. 2007) y puede que la 
acumulación continuada, aunque baja, de los transcritos, lleve a producir un efecto sobre sus 
dianas. 
1.3.2. Fotoperiodo 
Laurie et al. (1994, 1995) identificaron la presencia de dos QTL de gran efecto, que denotaban 
la existencia de dos genes mayores relacionados con la respuesta al fotoperiodo en la cebada. 
Estos genes, aún no identificados en ese momento, fueron denominados PPDH1 y PPDH2, 
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siguiendo la nomenclatura utilizada para el trigo (Law et al. 1993). No existen evidencias de 
interacciones epistáticas entre ambos genes (Laurie et al. 1995). 
1.3.2.1. PPDH1 (HvPRR7) 
El gen HvPRR7, pseudo-response regulator 7, que está bajo control del ritmo circadiano, ha 
sido identificado, mediante clonaje posicional, como gen candidato para PPDH1 (Turner et al. 
2005). PPDH1 se sitúa en el brazo corto del cromosoma 2H. 
Turner et al. (2005) identificaron un polimorfismo de tipo SNP (Single Nucleotide 
Polymorphism) en la región codificante del gen, que genera un cambio de aminoácido. Este 
polimorfismo permite diferenciar entre alelos que confieren sensibilidad e insensibilidad al 
fotoperiodo largo, de tal manera que el alelo sensible (dominante) provoca el adelanto de la 
floración a medida que el fotoperiodo crece, mientras que la variación no es significativa en 
condiciones de fotoperiodo corto. El alelo dominante de PPDH1 podría acelerar la floración 
induciendo la expresión de VRNH3 (HvFT1) (Hemming et al. 2008), que a su vez está mediada 
por la actividad de CONSTANS (Turner et al. 2005), aunque la variación funcional de este 
último gen en cebada parece limitada (Stracke et al. 2009). 
1.3.2.2. PPDH2 (HvFT3) 
El gen HvFT3 se ha identificado como candidato para PPDH2 (Faure et al. 2007; Kikuchi et al. 
2009). Se localiza en el brazo largo del cromosoma 1H. Se han descrito dos alelos: uno 
funcional (dominante) que está presente frecuentemente en variedades de primavera, y otro 
no funcional (recesivo), que está presente fundamentalmente en variedades de invierno 
(Faure et al. 2007). El alelo funcional tiene un efecto significativo en la variación de la floración, 
aparentemente sólo en condiciones de fotoperiodo corto. De hecho, la expresión de este gen 
ha sido detectada principalmente en fotoperiodo corto (Faure et al. 2007; Kikuchi et al. 2009), 
aunque también se ha detectado expresión en condiciones de fotoperiodo largo, lo que 
sugiere que es posible que también tenga algún efecto en esas condiciones (Kikuchi et al. 
2009). 
1.3.2.3. Otros genes de respuesta al fotoperiodo 
Otros genes que causan diferencias en la fecha de floración en condiciones de fotoperiodo 
corto son Eam6 (sinónimo eps2s, Franckowiak y Konishi 2002), eam7 (sin. ea7 o ec), en el brazo 
corto del cromosoma 6H (Stracke y Börner 1998), eam8 (sin. eak, ea-a, o mat-a), en el brazo 
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largo del cromosoma 1H y eam10 (sin. easp) en el brazo largo del cromosoma 3H (Börner et al. 
2002), entre otros. 
1.4. Interacción entre vernalización y fotoperiodo 
La vernalización y la respuesta al fotoperiodo no son fenómenos independientes. La riqueza y 
la fuerza de las interacciones encontradas entre los genes implicados en las rutas de 
vernalización y fotoperiodo sugieren que comparten la misma red regulatoria (Greenup et al. 
2009; Shimada et al. 2009; Distelfed y Dubcovsky 2010; Higgings et al. 2010). VRNH1, VRNH2 y 
VRNH3 generan un circuito de regulación por retroalimentación o feedback regulatory loop 
(Distelfeld et al. 2009), por lo que cualquier cambio en los niveles de expresión en alguno de 
ellos, tiene efecto sobre los demás, afectando a la floración. 
Se ha puesto de manifiesto que VRNH1 está regulado principalmente por la vernalización y el 
desarrollo de la planta (Trevaskis et al. 2006). Parece probado que la expresión del gen VRNH2 
se ve reprimida por el fotoperiodo corto e inducida por el fotoperiodo largo (Trevaskis et al. 
2006). La expresión de VRNH2 retrasa la floración y no se suele detectar expresión de VRNH3 
(HvFT1) al mismo tiempo. Después de la vernalización, disminuye la expresión de VRNH2, 
aumenta la de VRNH1, y la de VRNH3 comienza a aparecer, estimulada por los días largos, de 
tal modo que se desencadena la floración (Distelfeld et al. 2009; Trevaskis 2010). Este proceso 
es dependiente de los genes de fotoperiodo: el alelo dominante de PPDH1 acelera la floración 
facilitando la expresión de VRNH3 bajo días largos (Hemming et al. 2008). PPDH2 (HvFT3) 
también parece tener un efecto en la expresión de VRNH3 en condiciones de día corto (Kikuchi 
et al. 2009). Aún no está claro dónde y cómo se produce la interacción. En cualquier caso, 
ambas rutas, la de la vernalización y la del fotoperiodo, están estrechamente relacionadas, 
poniéndose de manifiesto los contactos entre ambas. 
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Capítulo 2. Objetivos 
 
El propósito de este trabajo es ahondar en la investigación del control genético de la fecha de 
floración en cebada. Se pretende profundizar en el conocimiento de la diversidad alélica, la 
función e interacción de los principales genes de respuesta a la temperatura y el fotoperiodo 
en cebada, centrándose en las combinaciones alélicas, de tal manera que, se analice si estas 
combinaciones tienen un efecto en la fecha de floración y han podido determinar la 
adaptación de la cebada a regiones concretas como el Sur de Europa. Dentro de este objetivo 
general, los objetivos específicos planteados son: 
 
i. Evaluar la posibilidad de reducir la necesidad de vernalización de una variedad élite 
estricta de invierno, mediante retrocruzamiento con una variedad española, intentando 
no afectar al resto de caracteres. 
ii. Análisis de la expresión de los genes mayores responsables del ajuste fenológico en 
respuesta a la vernalización y al fotoperiodo, de los dos principales haplotipos de genes de 
vernalización presentes en la Colección Nuclear de Cebadas Españolas (CNCE). 
iii. Estudio de las relaciones a nivel de expresión entre distintos alelos de los genes 
VRNH1, VRNH3 (HvFT1) y PPDH2 (HvFT3), en variedades de cebada de invierno, en 
respuesta a la longitud del tratamiento de vernalización. Verificación del efecto de PPDH2 
en la floración en genotipos de invierno. 
iv. Análisis del promotor de VRNH1 y su efecto en la regulación del gen. Búsqueda de la 
región del promotor de VRNH1 responsable de recibir el estímulo de la temperatura y de 
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Capítulo 3. Introgression of an intermediate VRNH1 allele leads to reduced 
vernalization requirement without affecting freezing tolerance 
 
3.1. Abstract 
The process of vernalization is mainly controlled by two genes in winter barley (Hordeum 
vulgare L.), VRNH1 and VRNH2. A recessive allele at VRNH1 and a dominant allele at VRNH2 
must be present to induce a vernalization requirement. In addition, this process is usually 
associated with greater low-temperature tolerance. Spanish barleys originated in areas with 
mild winters and display a reduced vernalization requirement compared with standard winter 
cultivars. The objective of this study was to investigate the genetic origin of this reduced 
vernalization requirement and its effect on frost tolerance. We introgressed the regions that 
carry VRNH1 and VRNH2 of a typical Spanish barley line into a winter cultivar, ‘Plaisant’, using 
marker-assisted backcrossing. We present the results of a set of 12 lines introgressed with all 
four possible combinations of VRNH1 and VRNH2, which were evaluated for vernalization 
requirement and frost tolerance. The reduced vernalization requirement of the Spanish parent 
was confirmed, and was found to be completely due to the effect of the VRNH1 region. The 
backcross lines showed no decline in frost tolerance compared with that of the recurrent 
parent unless they carried an extra segment of chromosome 5H. This extra segment, a 
carryover of the backcross process, apparently contained the well-known frost tolerance QTL 
Fr-H2. We demonstrate that it is possible to manipulate the vernalization requirement with 
just minor effects on frost tolerance. This finding opens the path to create new types of barley 
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3.2. Introduction 
The onset of flowering is one of the critical transitions in the life cycle of a plant, marked by the 
shift from the vegetative to the reproductive meristem stage. This process is regulated by a 
complex genetic system that combines internal developmental signals with environmental 
cues, such as temperature and photoperiod, and the interactions between them. This system 
must be tuned to guarantee that flowering takes place under suitable environmental 
conditions, so as to ensure optimal seed production (Izawa et al. 2003; Kim et al. 2009). 
Vernalization accelerates heading by the promotion of inflorescence initiation of the shoot 
apex (Flood and Halloran 1984) and can be favoured by long-day conditions. The requirement 
of vernalization is especially involved in adaptation to winter temperatures (Trevaskis et al. 
2003; Hemming et al. 2009).  
Three loci, VRNH1, VRNH2 and VRNH3, control the vernalization requirement in barley 
(Takahashi and Yasuda 1971; Distelfeld et al. 2009). The epistatic interaction between VRNH1 
and VRNH2 is responsible for the presence of a winter growth habit (Takahashi and Yasuda 
1971; Laurie et al. 1995; Yan et al. 2003, 2004; von Zitzewitz et al. 2005). The presence of a 
dominant VRNH2 allele is needed for a strict winter growth habit although more recently 
obtained results suggest that this gene participates in photoperiod rather than low-
temperature sensing (Distelfeld et al. 2009). VRNH1 apparently presents an allelic series that, 
together with a dominant VRNH2, determines the gradation of vernalization needs (Takahashi 
and Yasuda 1971; Szűcs et al. 2007). 
Two major loci that control frost tolerance have been identified in temperate cereals 
(reviewed by Galiba et al. 2009); Frost Resistance 1 (Fr-1) and Frost Resistance 2 (Fr-2) (Hayes 
et al. 1993; Galiba et al. 1995; Francia et al. 2004). Both of these loci reside on chromosome 5 
and are about 20–50 cM apart (Vágújfalvi et al. 2000; Tóth et al. 2003; Francia et al. 2004). In 
barley, Fr-H1 co-segregates with VRNH1, whereas Fr-H2 is in a 0.8-cM chromosomal region 
that encompasses a cluster of genes that encode C-repeat binding factors (Vágújfalvi et al. 
2003; Skinner et al. 2006; Tondelli et al. 2006; Francia et al. 2007). Whether Fr-H1 and VRNH1 
are two independent genes or the pleiotropic effects of the same gene is still unresolved. 
Winter cereals, such as barley, are most productive when given a long growing season, that is, 
when they are sown in autumn. Most Spanish barley landraces have a reduced vernalization 
requirement compared with standard winter cultivars (Ciudad et al. submitted for publication); 
in other words, they have an intermediate vernalization requirement. Intermediate 
Capítulo 3 
37 
vernalization alleles might offer advantages in autumn-sowing areas like the Mediterranean 
region, where winters are not as cold as those in more northerly or continental climates, but 
still prevent the widespread use of spring cultivars. In the future, if global warming progresses 
as predicted, these alleles could become useful in regions currently dominated by strict winter 
cultivars.  
Molecular tools have become integral to the enhancement of breeding efficiency and 
effectiveness in many research programmes. One of the main applications of molecular 
markers in breeding is to facilitate the targeted introgression of desirable traits into adapted 
cultivars through marker-assisted backcrossing, even for adaptation/productivity-related traits 
(Neeraja et al. 2007; Ribaut and Ragot 2007; Levi et al. 2009). In this study, we used marker-
assisted backcrossing to introduce the regions that carry the two main vernalization genes, 
VRNH1 and VRNH2, from a Spanish landrace into a winter cultivar. Near-isogenic lines (NILs) 
introgressed with genomic regions that contained different vernalization loci (VRNH2 on 4H 
and VRNH1 on 5H) were developed and tested under controlled conditions. The objectives 
were to find out which of these regions is responsible for the reduced vernalization response 
of the Spanish landrace, and to measure their effects on vernalization requirement and frost 
tolerance. 
3.3. Materials and methods 
3.3.1. Plant material 
An introgression backcross program was carried out using marker-assisted selection, as 
reported by Frisch et al. (1999) and Frisch and Melchinger (2001). The recurrent parent was 
the French barley cultivar ‘Plaisant’ (‘Ager’ × ‘Nymphe’). It is a typical winter cultivar that 
carries a dominant allele in VRNH2 and a recessive vrnH1 allele, (full-length intron). The donor 
line was SBCC058, an inbred line derived from a Spanish landrace, which belongs to the 
Spanish Barley Core Collection (Igartua et al. 1998). SBCC058 is an intermediate cultivar that 
carries the dominant allele in VRNH2 and a partial deletion in VRNH1, similar to ‘Albacete’ or 
‘Calicuchima-sib’ (von Zitzewitz et al. 2005; Szűcs et al. 2007), which seems to be associated 
with a reduced vernalization requirement (Cockram et al. 2007; Hemming et al. 2009). VRNH1 
was genotyped in both parents using markers already reported by von Zitzewitz et al. (2005), 
as shown in Supplementary Material Figure 3.S1. The NILs studied were derived from BC3F3 
families. For the marker-assisted backcross (MAB) scheme, SBCC058/’Plaisant’ F1s were 
backcrossed to ‘Plaisant’ to obtain BC1F1 seeds. In the BC1F1 generation, individual plants that 
were heterozygous at the VRNH2 (flanking markers HvM067 and HdAMYB) and VRNH1 
Introgression of an intermédiate VRNH1 leads to reduced vernalization 
38 
(flanking markers Hv635P2 and scssr10148) regions were identified (forward selection). The 
heterozygous plants were further screened with other markers to select plants that were 
homozygous for the recurrent genotype just outside both regions (backward elimination). A 
similar strategy was adopted in BC2F1 and BC3F1, namely, forward selection of heterozygous 
plants in the region of both VRN genes and backward elimination of the SBCC058 genome, 
with sequential addition of markers for the rest of the seven chromosomes (up to 79 SSR, 
Supplementary Material Table 3.S1). HvBM5A, the candidate gene for VRNH1 (von Zitzewitz et 
al. 2005), was used from BC2F1 onwards. Homozygous plants for VRNH1 and VRNH2 were 
selected in BC3F2. On the basis of the allelic combination for these genes, four groups were 
established (Table 3.1). Group 1 referred to NILs that contained VRNH1 and VRNH2, such as 
‘Plaisant’. This group was used to check the effectiveness of recovery of the recurrent 
genotype. Group 2 was NILs that had VRNH1 from ‘Plaisant’ and VRNH2 from SBCC058. Group 
3 NILs had VRNH1 from SBCC058 and VRNH2 from ‘Plaisant’. Group 4 NILs carried VRNH1 and 
VRNH2 from SBCC058.  










3.3.2. Vernalization treatments 
The vernalization requirement was evaluated at the Martonvásár (Hungary) phytotron, 
according the procedures described by Karsai et al. (2004). Vernalization was applied in 15-day 
increments, for a total of four treatments that ranged from no vernalization to 45 days of 
vernalization at a temperature below 3°C, with an 8 h-light/16 h-dark photoperiod and low 
light intensity (12–13 µmol m–2 s–1). After the vernalization treatment, seedlings were 
transferred to a 16 h light regime, (340 ± 22 µmol m–2 s–1) at a constant temperature of 18°C. 
Two plants per genotype and treatment were tested. For each plant, the number of days to 
heading, namely, developmental phase 49 on the Zadoks scale (Tottman and Makepeace 
1979), number of tillers at heading, number of leaves on the main shoot, and number of 
reproductive tillers were recorded. 
 VRNH2 (4H) VRNH1 (5H) No. plants 
Group 1  ‘Plaisant’ ‘Plaisant’ 3 
Group 2  SBCC058 ‘Plaisant’ 2 
Group 3  ‘Plaisant’ SBCC058 3 
Group 4  SBCC058 SBCC058 4 
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The frost tolerance of the BC3F3 plants, together with that of the two parents and check 
cultivars, was evaluated in artificial freezing tests in which two freezing temperatures of –11.5 
or –13°C were applied in accordance with the methodology of Tischner et al. (1997). After 
germination, the seedlings were planted into wooden boxes and were acclimated to cold for 7 
weeks under conditions of weekly decreasing temperature, photoperiod, and light intensity. 
After gradual cooling, the frost tests were carried out in C-912 Conviron chambers (Conviron 
Ltd., Winnipeg, MB, Canada) for 24 h at the freezing temperature, which was followed by 
gradual warming. The plants were then grown under optimal conditions for 3 weeks for 
recovery, and the percentages of plants that survived were recorded. Five replications of ten 
plants per genotype and treatment were tested. 
3.3.3. Field trials 
The BC3F3 family NILs, the parents (SBCC058 and ‘Plaisant’), and several cultivars that were 
included as checks were tested in the field in the 2008–2009 season. The first trial was sown in 
autumn, on 27th November 2008. The second one was sown in winter, on 12th February 2009. 
Both trials took place in Zaragoza (Spain). Plots were 1.5 m wide by 3 m (first sowing) or 1.2 m 
(second sowing) long, with four rows. A randomised complete block design with three 
replications was used. The heading date of each plot was recorded as the date when 50% of 
the stems presented 2-cm emerged awns. The time to flowering was expressed as the number 
of days from 1st January until heading time. 
3.3.4. SNP genotyping 
To estimate the recovery of the genome of ‘Plaisant’ through the MAB process, the 12 BC3F3 
NILs plus the parents were genotyped for 1536 SNPs using Barley Oligo Pool Assay 1 (BOPA) of 
Illumina (Close et al. 2009) at the Southern California Genotyping Consortium. Genomic DNA 
was extracted from one individual plant of each genotype. 
3.3.5. Statistical analyses 
To evaluate the effect of the introgressed regions, differences among the four groups of NILs 
and the parents were evaluated together using ANOVA and orthogonal contrasts. In these 
ANOVA models, replication, genotype (NILs), and treatment were considered as fixed factors. 
Genotype by treatment interaction was also included in the models. The variability due to 
replicates and their interaction with the other factors was used as the error term to test 
genotype, treatment, and their interaction. All the analyses were carried out with GenStat 12.1 
(VSN International Ltd, UK). 
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3.4. Results 
3.4.1. Recovery of the recurrent parent 
Out of the 1536 SNPs evaluated, 1313 had a known position in a genetic map and only 459 of 
these were polymorphic between the parents of this cross. The 12 NILs that were obtained 
covered 92% of the genome of ‘Plaisant’, with slight differences between them (Table 3.2). 
Table 3.2. Recovery of ‘Plaisant’ in BC3F3 NILs estimated with BOPA1 markers 
 
Group Line 1H 2H 3H 4H 5H 6H 7H Total 
1 a 100.0 100.0 100.0 100.0 96.3 100.0 100.0 99.3 
1 b 100.0 100.0 100.0 100.0 85.4 83.3 100.0 95.7 
1 c 100.0 100.0 100.0 97.1 100.0 98.9 92.0 98.5 
2 a 100.0 100.0 100.0 94.2 96.3 100.0 100.0 98.5 
2 b 97.9 100.0 100.0 82.6 100.0 98.9 100.0 97.1 
3 a 100.0 100.0 100.0 100.0 93.9 80.0 98.2 96.7 
3 b 100.0 94.6 100.0 100.0 94.5 88.9 100.0 97.1 
3 c 100.0 100.0 100.0 84.1 90.2 82.2 98.2 93.9 
4 a 100.0 100.0 93.0 94.2 85.4 100.0 94.6 94.5 
4 b 100.0 89.2 100.0 88.4 84.1 100.0 99.1 93.6 
4 c 100.0 83.8 100.0 84.1 85.4 100.0 100.0 92.4 
4 d 100.0 100.0 100.0 76.8 91.5 85.6 100.0 93.6 
Markers  47 74 86 69 82 45 56 459 
% recovery  99.8 97.3 99.4 91.8 91.9 93.1 98.5 95.9 
 
As expected, the highest recovery was for group 1, whose plants were similar to ‘Plaisant’ in 
both 4H and 5H, and where recovery should have been 100%. The lowest percentages 
occurred for plants of group 4, with introgression of SBCC058 regions in both 4H and 5H. 
Graphical genotypes are shown in Figure 3.1 (detailed information in Supplementary Material 




Figure 3.1. Graphical genotypes of SBCC058 x ‘Plaisant’ NILs. Light gray (‘Plaisant’ allele); black (SBCC058 
allele); dark gray (heterozygous). 
 
3.4.2. Vernalization requirement 
The groups of NILs showed significant differences among them for time to flowering and other 
variables, in response to the duration of the vernalization treatment (Supplementary Material 
Table 3.S2). Most of the genotypic variation detected occurred between groups (97.5%), and 
this was mostly due to significant contrasts between groups 1/2 and 3/4, and between the 
parents (Supplementary Material Table 3.S2). The interaction of genotype with treatments 
presented a similar pattern, with most of the interaction being due to the different response of 
flowering time of groups 1 and 2 compared with that of groups 3 and 4 (Figure 3.2A, 
Supplementary Material Table 3.S2) in response to the duration of the cold treatment. This 
means that the introgression of the SBCC058 region with VRNH1 reduced the vernalization 
requirement, whereas there was no difference between the SBCC058 and ‘Plaisant’ VRNH2 
regions. Groups 1 and 2, which carry the ‘Plaisant’ allele in VRNH1, behaved in similar ways. In 
these groups, flowering did not occur without vernalization, and was still remarkably late after 
15 days of cold treatment, and became earlier with each vernalization time increment. This 
pattern of response was similar to that of ‘Plaisant’. Given the trend observed for these groups 
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and for the parent ‘Plaisant’, it is likely that longer vernalization would have further shortened 
the time to flowering. Groups 3 and 4, which share the SBCC058 VRNH1 allele, also presented 
similar performances. These lines flowered much earlier than groups 1 and 2 under all 
conditions (Figure 3.2A), but still with a clear and significantly shorter interval after 15 days of 
vernalization. Parent SBCC058 responded to vernalization similarly to groups 3 and 4, although 
it flowered later than these groups in all treatments. A similar result was detected for the 
number of reproductive tillers at heading, with a clear difference between groups and their 
differential response to vernalization (Figure 3.2B, Supplementary Material Table 3.S2). Owing 
to the fact that all the groups consistently flowered only after 30 and 45 days of cold 
treatment, we only analysed the differences for number of tillers at heading and number of 
leaves on the main shoot for these two treatments (Figure 3.2C and D, Supplementary 
Material Table 3.S2), as it was not possible to get realistic estimates of them for the treatments 
of 0 and 15 days. Again, plants that carried the introgression of the SBCC058 VRNH1 allele 
were more stable in their behaviour, and exhibited fewer tillers at heading and fewer leaves 
than those with the ‘Plaisant’ VRNH1 allele. 
 
 
Figure 3.2. Days to flowering (A), number of reproductive tillers (B), number of tillers at heading (C), and 
number of leaves on the main shoot (D) of BC3F3 NILs of the cross between the donor genotype 
SBCC058 and the recurrent parent ‘Plaisant’, after 0, 15, 30, or 45 days of vernalization. Error bars 
correspond to least significant differences of means (1% level). Genotype codes: 1a to 4d - NILs, 58 - 




3.4.3. Frost tolerance 
Almost all the NILs showed a good survival rate, around 90% at –11.5°C and around 70% at –
13°C, close to the values of the parent ‘Plaisant’ (Figure 3.3A, B), and most of them were more 
frost tolerant than the donor parent SBCC058.  
 
Figure 3.3. Survival after exposure to –11.5°C (A) or –13°C (B). Error bars correspond to least significant 
differences of means (1% level). Genotype codes: 1a to 4d – NILs; 58 - SBCC058; PL - ‘Plaisant’. 
 
There were significant differences between genotypes for both treatments (Supplementary 
Material Table 3.S3), but these were not concentrated among groups. At –11.5°C, the only 
significant differences detected were the higher tolerance of groups 3 and 4 compared with 
SBCC058. At –13°C, again genotypic differences were not related to comparisons between the 
groups (Supplementary Material Table 3.S3). This means that, in general, the introgressed 
regions did not affect frost tolerance. The genotypic differences were caused by a markedly 
lower frost tolerance observed for some NILs. At both temperatures, NIL 4b, and at –13°C, NIL 
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4c, showed significantly reduced frost tolerance compared with the other NILs (even in the 
same group), and reached values close to those of SBCC058 (Figure 3.3B). Examination of the 
graphical genotypes (Figure 3.1 and Supplementary Material Figure 3.S2) revealed that these 
two plants shared some regions with residual alleles of SBCC058 at chromosomes 2H, 4H and 
5H, which were outside the target regions of the introgression program. The factor behind 
their lower frost tolerance must be located in these regions. The most likely candidate is the 
region on 5H just above VRNH1, which carries the well-known frost resistance locus Fr-H2.  
To test whether VRNH1 itself had an effect on freezing tolerance, independent of other regions 
that may affect frost tolerance, we carried out new analyses of variance without NILs that 
carried the Fr-H2 region from SBCC058 (1b, 4b and 4c). Significant differences between groups 
were now detected, but concentrated in the differences of the recurrent parent SBCC058 from 
all the introgression groups and ‘Plaisant’ (Figure 3.3, Supplementary Material Table 3.S3). 
Actually, none of the introgression groups was significantly different from the recurrent parent 
‘Plaisant’. The contrast between VRNH1 alleles (groups 1 and 2 vs. groups 3 and 4) was barely 
significant (P = 0.012).  
3.4.4. Field flowering date 
Significant differences in time to flowering in the field were found between genotypes and 
groups. In the group sown in autumn, all the introgression lines flowered around the same 
date as ‘Plaisant’. Only SBCC058 flowered significantly later (Figure 3.4). The differences 
between groups and genotypes were larger in the group sown in late winter (Figure 3.4), for 
which groups 1 and 2 and ‘Plaisant’ were significantly later than the rest.  
 
Figure 3.4. Time to flowering in field trials sown in autumn or winter. Error bars correspond to least 
significant differences of means (1% level). Codes: G1–G4 - groups of NILs; 58 - SBCC058; PL – ‘Plaisant’. 
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This behaviour resulted in the occurrence of significant sowing by genotype interactions, which 
was caused mainly by the differences in response between sowing for groups 1 and 2 and 
‘Plaisant’ versus groups 3 and 4 and SBCC058. As described above for the phytotron 
experiment, the differences were based on the VRNH1 region, whereas no significant 
differences between the two VRNH2 alleles were detected (Supplementary Material Table 
3.S4).  
3.5. Discussion 
The MAB program led to the efficient integration of VRNH1 and VRNH2 from the Spanish 
landrace SBCC058 into the background of the winter cultivar ‘Plaisant’, with a good recovery of 
the recurrent genome (average, 95.9%). Overall, the recovery of the recurrent genome was 
good in all chromosomes not directly affected by the introgression. It was better for 
chromosomes 1H, 2H, 3H and 7H, whereas for 6H, recovery was only 93.1%, which indicated 
that the tagging of this chromosome during the process was not optimal. The values for 
chromosomes 4H and 5H, on which the VRN genes are located, were slightly lower (91.8%). In 
particular, the region distal to VRNH1 on 5H was more diverse than the others. Selection for 
the VRNH1 gene was carried out using markers within the VRNH1 candidate gene HvBM5A, 
and using the microsatellite Bmag0223 as a flanking marker. These two markers are 50 cM 
apart in the map of the ‘Beka’ × ‘Mogador’ population (Cuesta-Marcos et al. 2008) or 30 cM 
apart according to a new barley integrated map (Aghnoum et al. 2010). In either case, the gap 
between these markers proved to be too large to facilitate clean recovery of the recurrent 
parent.  
Plants were grouped on the basis of genetic constitution for VRNH1 and VRNH2 into four 
groups made by plants from independent lineages. Only two plants from group 4 (4b and 4c) 
were sister lines. Both parents contained the VRNH2 gene, although flanking markers differed 
between them, which facilitated tracking of the two parental segments during the 
introgression. The comparison of the two VRNH2 alleles did not reveal any phenotypic 
difference in any of the experiments; both of them seemed equally functional. The objective of 
this work was not to establish sequence differences between the parents, but the data 
available confirms that we are in presence of two winter alleles. A partial sequence (1470 bp) 
of the HvZCCT-Hb gene from SBCC058 was 100% identical to that of Calicuchima-sib (GenBank 
accession DQ492696), and slightly different from the sequences of ‘Oregon Wolfe Barley 
Dominant’, ‘Dairokkaku’, and ‘Kompolti korai’ (Szűcs et al. 2007), all of them carrying 
functional winter VRNH2 alleles. We did not sequence the allele from ‘Plaisant’, but it 
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presumably carries a typical winter VRNH2 allele. The same cannot be said for VRNH1. The 
allele from SBCC058 clearly reduced the vernalization requirement of ‘Plaisant’ and enabled 
plants to flower earlier in the phytotron and in the field under late winter sowing. This effect 
was detected irrespective of the VRNH2 allele present. 
Plants introgressed with the SBCC058 VRNH1 allele showed a small but clear response to 
vernalization in the phytotron experiment. On average, they flowered 22 days earlier when 
fully vernalized. This behaviour was significantly different from the responses of the facultative 
cultivar ‘Dicktoo’ (5 days of cycle shortening due to vernalization) and of the typical spring 
cultivar ‘Morex’ (0 days). However, their behaviour was also clearly different from the typical 
winter behaviour, with a strict vernalization requirement; here represented by ‘Plaisant’ and 
groups 1 and 2. Takahashi and Yasuda (1971) have described a continuous gradation of growth 
habit in barley, from an extreme spring to an extreme winter habit. They classified plants into 
six growth habit classes and concluded that a multiple allelic series at the VRNH1 locus is 
responsible for the grade of growth habit. Hemming et al. (2009) have identified 10 alleles that 
contain insertions or deletions within the first intron of VRNH1, and are associated with 
different flowering behaviour. In addition to the wild-type winter allele VRNH1 in cultivars 
‘Plaisant’ or ‘Dicktoo’, two other alleles were involved in our experiments: VRNH1-1 in cultivar 
‘Morex’ and VRNH1-4 in the breeding line ‘Calicuchima-sib’. Both of these deletions have been 
described previously (von Zitzewitz et al. 2005; Cockram et al. 2007; Szűcs et al. 2007), and 
were found to be associated with a reduced vernalization requirement. SBCC058 carries the 
same alleles at VRNH1 (VRNH1-4) and VRNH2 as Spanish cultivars ‘Albacete’ and ‘Pané’ or the 
breeding line ‘Calicuchima-sib’ (von Zitzewitz et al. 2005; Szűcs et al. 2007). To date, these 
kinds of genotypes with the VRNH1 allele of SBCC058 and VRNH2 have been classified 
agronomically as spring varieties that show a reduced vernalization requirement (Cockram et 
al. 2007; Szűcs et al. 2007; Hemming et al. 2009). This allelic constitution is representative of a 
large class of Spanish barleys that have been classified as exhibiting a winter growth habit on 
the basis of their suitability to be sown in autumn and their mild vernalization requirement 
(Lasa et al. 2001). As proposed by Szűcs et al. (2007) for ‘Calicuchima-sib’, SBCC058 represents 
an intermediate growth habit, which corresponds to one of the intermediate classes of 
Takahashi and Yasuda (1971). 
The donor line, SBCC058, showed a larger vernalization response (39 days) than NILs with the 
same VRNH1-4 allele in a ‘Plaisant’ background. This genotype also flowered later than 
‘Plaisant’ and all the introgression lines sown in autumn in the field, which indicated that other 
genes besides VRNH1 and VRNH2 could have affected the flowering time of SBCC058.  
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Genetic analyses have identified two loci in wheat and barley that mediate the capacity to 
overwinter in temperate climates. One locus (Fr-1) co-segregates with VRN1, which affects the 
vernalization requirement. Latest data from wheat indicate that Fr-1 is a pleiotropic effect of 
VRN1 rather than a separate gene (Dhillon et al. 2010). The second locus, Fr-2, is coincident 
with a cluster of more than 12 CBF genes (Francia et al. 2004; Skinner et al. 2006; Galiba et al. 
2009), which are also located on chromosome 5H. 
We found frost tolerance differences between the NILs that belonged to group 4, particularly 
after exposure to a temperature of –13°C. It has been reported that the VRNH1/Fr-H1 locus 
affects the expression of multiple barley CBF genes at Fr-H2 (Stockinger et al. 2007). However, 
the donor genotype SBCC058 and two lines of group 4 were extremely susceptible to frost, but 
other lines with the same SBCC058 VRNH1 allele behaved similarly to the winter recurrent 
parent. Dhillon et al. (2010) showed that allelic variation in wheat VRN1 is sufficient to 
determine differences in freezing tolerance, but additional genes are needed for down-
regulation of the cold acclimation pathway. We hypothesise that differences between lines 4b 
and 4c and the other lines were mainly due to Fr-H2, because they were polymorphic for SNPs 
from that region on chromosome 5H. VRNH1 is located at 135.7 cM on 5H, as indicated by the 
barley BOPA consensus map of Close et al. (2009). In 4b and 4c, the SBCC058 introgressed 
region extended further, from 107.59 to 137.16 cM. Plants 4b and 4c differed in four SNP 
markers, between 11_20549 at 108.01 cM and 11_21168 at 109.56 cM, because 4b was 
homozygous for the SBCC058 allele, whereas 4c was heterozygous (Supplementary Material 
Figure 3.S2). This is the region that corresponds to the cluster of cold-related CBF genes, at 
108.2 cM, and indeed one of the SNPs scored, 11_20320, was derived from HvCBF6.  
One of the lines of group 1, NIL 1b, also carried the Fr-H2 region introgressed from SBCC058. 
However, the frost tolerance of this line was not significantly lower than that of the other lines 
of groups 1 and 2, or that of ‘Plaisant’. The reason for this could be that it carries the ‘Plaisant’ 
VRNH1 strict winter allele. This would be coherent with the hypothesis of interaction between 
vernalization requirement and frost tolerance put forward by Galiba et al. (2009) and Dhillon 
et al. (2010), that the temperate cereals have evolved the ability to use the presence of VRN1 
in the leaves as a signal to down-regulate the frost/cold tolerance genes, such as Fr-2. Akar et 
al. (2009) have reported that HvBM5A, the marker derived from the candidate genes VRNH1 
and Fr-H1, is the best predictor for assisted selection to improve frost tolerance in European 
germplasm, with a larger effect than markers at the Fr-H2 region. We detected a possible 
effect of VRNH1 on frost tolerance, after removal of the two NILs of group 4 with reduced 
tolerance, but the effect was not large enough to reach definitive conclusions.   
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3.6. Conclusion 
Our results demonstrate that the SBCC058 VRNH1 allele produced important changes in the 
developmental pattern of the recurrent parent ‘Plaisant’, whereas VRNH2 had no effect 
(possibly, the allele was the same for both parents). In addition, VRNH1 from SBCC058, typical 
of a large group of Spanish barleys, cannot be described as a spring or a winter allele. Its 
behaviour fits well with an intermediate position along the gradient of growth habits described 
by Takahashi and Yasuda (1971). An important finding for barley breeding is that it is possible 
to manipulate the vernalization requirement, with little effect on frost tolerance. This result 
widens the prospects of managing adaptation genes to breed new cultivars that are better 
suited to a range of winter harshness.  
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Capítulo 4. Expression analysis of vernalization and day-length response genes in 
barley (Hordeum vulgare L.) indicates that VRNH2 is a repressor of PPDH2 (HvFT3) 
under long days 
 
4.1. Abstract 
The response to vernalization and the expression of genes associated with responses to 
vernalization (VRNH1, VRNH2, and VRNH3) and photoperiod (PPDH1, PPDH2) were analysed in 
four barley (Hordeum vulgare L.) lines: ‘Alexis’ (spring), ‘Plaisant’ (winter), SBCC058, and 
SBCC106 (Spanish inbred lines), grown under conditions of vernalization and short days (VSD) 
or no vernalization and long days (NVLD). The four genotypes differ in VRNH1. Their growth 
habits and responses to vernalization correlated with the level of expression of VRNH1 and the 
length of intron 1. ‘Alexis’ and ‘Plaisant’ behaved as expected. SBCC058 and SBCC106 showed 
an intermediate growth habit and flowered relatively late in the absence of vernalization. 
VRNH1 expression was induced by cold for all genotypes. Under VSD, VRNH1 expression was 
detected in the SBCC genotypes later than in ‘Alexis’ but earlier than in ‘Plaisant’. VRNH2 was 
repressed under short days while VRNH1 expression increased in parallel. VRNH3 was detected 
only in ‘Alexis’ under NVLD, whereas it was not expressed in plants with the active allele of 
VRNH2 (SBCC058 and ‘Plaisant’). Under VSD, PPDH2 was expressed in ‘Alexis’, SBCC058, and 
SBCC106, but it was only expressed weakly in ‘Alexis’ under NVLD. Further analysis of PPDH2 
expression in two barley doubled haploid populations revealed that, under long days, HvFT3 
and VRNH2 expression levels were related inversely. The timing of VRNH2 expression under a 
long photoperiod suggests that this gene might be involved in repression of PPDH2 and, 
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4.2. Introduction 
The classic model of the genetic control of vernalization in barley (Takahashi and Yasuda, 
1971) is based on three loci, Sh/sh, Sh2/sh2, and Sh3/sh3, among which epistatic relationships 
exist. Candidate genes for these three loci in barley have been proposed. HvBM5A (which 
corresponds to TmAP1 or WAP1 in wheat) was identified as a candidate for VRNH1, which is a 
synonym of Sh2 (Danyluk et al. 2003; Trevaskis et al. 2003; Yan et al. 2003). VRNH1 promotes 
the transition of the apex from the vegetative to the reproductive stage. The locus is always 
expressed at high basal levels in plants that have spring (dominant) alleles (Trevaskis et al. 
2006). In winter varieties that are responsive to vernalization, VRNH1 expression is repressed 
until the plants are exposed to low temperatures (von Zitzewitz et al. 2005; Sasani et al. 2009). 
Allelic diversity at VRNH1 has been described, mostly in relation to deletions within the first 
intron (Fu et al. 2005; Cockram et al. 2007; Szűcs et al. 2007). These deletions presumably 
cause variation in the levels of VRNH1 expression in plants that have not been vernalized 
(Hemming et al. 2009) and hence lead to different flowering times (Trevaskis et al. 2003; von 
Zitzewitz et al. 2005). 
A cluster of three genes, ZCCT-H, was identified as a candidate for VRNH2, which is 
synonymous with Sh (Yan et al. 2004). VRNH2 acts as a repressor of flowering and delays 
flowering in plants that have not been vernalized (Takahashi and Yasuda, 1971; Yan et al. 2004; 
Karsai et al. 2005). The allelic variation at the VRNH2 locus seems to be of the 
presence/absence type, although there is still debate over which of the three ZCCT-H genes is 
functionally responsible (Dubcovsky et al. 2005; Trevaskis et al. 2006, Szűcs et al. 2007). The 
spring VRNH2 allele is associated with a deletion of the three genes of the ZCCT-H cluster (Yan 
et al. 2004; Karsai et al. 2005; von Zitzewitz et al. 2005). Studies have found that in cereals 
VRN2 expression is repressed by short days and by a high level of VRN1 expression 
(Loukoianov et al. 2005; Trevaskis et al. 2006) which explains the long-known interaction 
between these two genes (Tranquilli and Dubcovsky, 2000). 
HvFT1 is a candidate gene for VRNH3 (Sh3) (Yan et al. 2006). It is homologous to the 
FLOWERING LOCUS T (FT) gene of Arabidopsis (Turck et al. 2008). In Arabidopsis, FT promotes 
flowering and is activated by long days (Corbesier et al. 2007). In cereals, FT also promotes 
flowering during long days (Yan et al. 2006; Faure et al. 2007; Hemming et al. 2008). In winter 
varieties, VRNH3 is only expressed after prolonged exposure to low temperatures (Yan et al. 
2006; Hemming et al. 2008). The role of FT1 might extend beyond vernalization and it has been 
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proposed to integrate the vernalization and day-length flowering pathways in cereals 
(Hemming et al. 2008; Distelfeld et al. 2009).  
With regard to genes that are involved in responses to photoperiod, Laurie et al. (1994, 1995) 
identified two genes with large effects, PPDH1 and PPDH2. PPDH1 confers sensitivity to long 
photoperiod, i.e. the dominant or sensitive allele induces earlier flowering with long days. 
Turner et al. (2005) identified HvPRR7, a pseudo-response regulator gene, as a candidate for 
PPDH1, and proposed a diagnostic Single Nucleotide Polymorphism (SNP) that differentiated 
between alleles that conferred sensitivity and insensitivity to long photoperiod. The dominant 
PPDH1 allele might accelerate flowering by up-regulation of HvFT1 (Hemming et al. 2008), 
which is mediated by the activity of CONSTANS (Turner et al. 2005). 
PPDH2 affects flowering under conditions with a short photoperiod (Laurie et al. 1995). 
Recently, HvFT3 has been identified as a candidate gene for PPDH2 (Faure et al. 2007; Kikuchi 
et al. 2009). Two alleles have been described: a dominant functional allele, which is frequently 
present in spring varieties, and a recessive nonfunctional allele, which is mostly present in 
winter varieties (Faure et al. 2007). 
These five genes that are involved in the responses to vernalization and different day-lengths 
are the major players in the pathways that determine flowering time in barley and other 
cereals. These pathways, albeit not yet elucidated fully, are rich in interactions between the 
genes themselves and in responses to environmental cues (Greenup et al. 2009; Shimada et al. 
2009; Higgins et al. 2010). The results of these interactions are complex phenotypic responses, 
which are aimed at the promotion of flowering when optimal environmental conditions are 
present. Hence, the genes involved in this system should be studied concurrently because their 
responses might depend on the allelic configurations of the other genes.  
4.3. Materials and Methods 
4.3.1. Plant material 
Four genotypes of barley (Hordeum vulgare L.) were chosen to assess differences in the 
expression of the five major genes involved in responses to temperature and day-length: 
SBCC058 and SBCC106 (inbred lines derived from landraces; belong to the Spanish Barley Core 
Collection, (SBCC) (Igartua et al. 1998), the French winter cultivar ‘Plaisant’ (‘Ager’ × 
‘Nymphe’), and the German spring cultivar ‘Alexis’ (Br.1622 × ‘Triumph’). The genotypes 
studied exhibit differences in the length of the first intron of the VRNH1 gene, as well as in 
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some of the other major genes involved in the control of responses to vernalization and 
sensitivity to day-length (Table 4.1). 
Table 4.1. Genotypes for the genes associated with responses to vernalization and photoperiod in the 
cultivars and lines under study. 
Cultivar or line     Vernalization and photoperiod genes 
  VRNH11* VRNH22 VRNH33 PPDH14 PPDH25 
‘Plaisant‘ vrnH1 VRNH2 vrnH3 PPDH1 ppdH2 
SBCC106 VRNH1-6 VRNH2 vrnH3 PPDH1 PPDH2 
SBCC058 VRNH1-4 VRNH2 vrnH3 PPDH1 PPDH2 
‘Alexis‘ VRNH1-3 vrnH2 vrnH3 ppdH1 PPDH2 
Pané VRNH1-4 VRNH2 vrnH3 PPDH1 PPDH2 
Beka VRNH1-1 vrnH2 vrnH3 ppdH1 PPDH2 
Mogador vrnH1 VRNH2 vrnH3 ppdH1 ppdH2 
 
1
 Alleles based on the size of intron 1, in accordance with Hemming et al. (2009) 
2
 Presence/absence of HvZCCT, in accordance with Karsai et al. (2005) 
3
 Alleles based on two SNPs in intron 1, as reported by Yan et al. (2006) 
4
 Alleles based on SNP22 of Turner et al. (2005) 
5
 Alleles based on amplification of a 431-bp product using primers FT3.1F (5’-atccattggttgtgtggctca-
3’) and FT3.2R (5’-atctgtcaccaacctgcaca-3’), which amplify the entire region from exons 1 to 2 of the 
HvFT3 gene (‘Alexis’, SBCC058, SBCC106, ‘Pané’ and ‘Beka’). These primers give a null allele for 
‘Plaisant’ and ‘Mogador’. The allele from ‘Plaisant’ (ppdH2) was amplified using the F4/R1 primers 
reported by Kikuchi et al. (2009). HvFT3 was localized on the long arm of chromosome 1H in the 
‘Beka’ × ‘Mogador’ mapping population (Supplementary Material 4.S1), which matches the location 
of a QTL for response to a short photoperiod (Supplementary Material 4.S2).  
 
Doubled haploid lines from two different barley crosses ‘Alexis’ × ‘Pané’ (Cuesta-Marcos et al. 
2008a) and ‘Beka’ × ‘Mogador’ (Cuesta-Marcos et al. 2008b) (Table 4.1) were used to validate 
some of the results.  
4.3.2. Plant growth conditions 
The vernalization requirement of ‘Plaisant’, SBCC058 and ‘Alexis’ was evaluated at the 
Martonvásár (Hungary) phytotron, in accordance with the procedures described by Karsai et 
al. (2004). SBCC106 was not included in this experiment, but three landraces with the same 
genotype as SBCC106 in terms of VRNH1/VRNH2 were included. Vernalization was applied in 
15-day increments, for a total of four treatments that ranged from no vernalization (0 days) to 
45 days of vernalization at 3°C, under a short-day regime (8-h light/16-h dark) and low light 
intensity (12 ± 1 µmol m-2 s-1). After vernalization (or 14 days after germination for the samples 
not subjected to vernalization), the seedlings were transferred to a regime with long days (16-
h light) and a high level of light intensity (340 ± 22 µmol m-2 s-1) at 18°C. For each plant, the 
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number of days to heading, which corresponds to developmental phase 49 on the Zadoks scale 
(Zadoks et al. 1974), was recorded. The experiment was continued for a total of 150 days. Two 
plants were tested for each genotype and treatment.  
For studies of gene expression, plants of ‘Plaisant’, SBCC058, SBCC106, and ‘Alexis’ were grown 
in pots in Zaragoza (Spain), in a sunlit glasshouse at 19 ± 1°C, with a 16-h light/8-h dark 
photoperiod. Ten days after sowing, when the plants had reached the two-leaf stage (stage 12 
of the Zadoks scale), the pots were assigned to one of two groups of the same size and 
transferred to two growth chambers. Each group was exposed to a distinct experimental 
treatment. One was a vernalization treatment (VSD), for which the plants were grown at 7±1°C 
under a short photoperiod (8-h light/16-h dark) and a low level of light intensity (12 µmol m-2 s-
1). The second set of plants was grown under conditions of no vernalization and long days 
(NVLD) at 22 ± 1°C and a photoperiod of 16-h light/8-h dark with a high level of light intensity 
(220 μmol m-2 s-1). We intended to include SBCC106 in the same experiment, but a seed 
identification error was detected and prevented the use of the results obtained. SBCC106 was 
later sown and grown for 10 days under the same conditions in the glasshouse until the two-
leaf stage, together with SBCC058 and ‘Plaisant’, but in this case the plants were only 
subjected to the VSD treatment. Hereafter, the experiment that included ‘Alexis’, SBCC058, 
and ‘Plaisant’ will be referred to as Experiment 1 (or Exp1) and the later experiment that 
included SBCC058, SBCC106, and ‘Plaisant’ will be referred to as Experiment 2 (or Exp2). In 
Exp1, two samples were obtained per genotype for each sampling time, which resulted in two 
biological replicates. Each sample consisted of two plants that were harvested and pooled. In 
Exp2, three individual plants per sampling time and genotype were harvested, and were 
treated as three biological replicates. Harvesting took place on day 0 (just before transfer from 
the greenhouse to the growth chambers), and after 7, 14, 21, 28, and 35 days of each 
treatment. An additional sampling at day 42 was carried out in Exp2. In all the experiments, 
plants were harvested in the middle of the light period. 
For the gene expression analysis of the DH lines (‘Alexis’ × ‘Pané’ and ‘Beka’ × ‘Mogador’), 
plants were grown in pots that contained soil in a sunlit glasshouse at a temperature of 19 ± 
1°C, with long days (16-h light/8-h dark). Seven days after sowing, the pots were transferred to 
a growth chamber, where they were grown under conditions of no vernalization under a long 
photoperiod (NVLD); 16-h light/8-h dark, at 22 ± 1°C and with a high level of light intensity, 
(220 µmol m-2 s-1). Plants were harvested after ten days of treatment. At harvest, two samples 
were collected per genotype. Each sample consisted of the pooled leaf tissue of two plants per 
genotype, to reduce the effects of individual variation.  
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4.3.3. RT-PCR and real-time PCR analysis 
RNA was extracted from 100 mg of tissue with TRIzol® Reagent (Invitrogen) and treated with 
DNAse (DNAse I Recombinant, RNAse-free; Roche) to remove possible DNA contamination. An 
oligo (dT)20 primer (Invitrogen) was used to prime the synthesis of first-strand complementary 
DNA (cDNA) from 1 μl of RNA (2.25 μg of total RNA), using SuperScript III Reverse Transcriptase 
(Invitrogen) in accordance with the manufacturer’s instructions. A single reverse transcription 
(RT) reaction was carried out for each RNA sample.  
Primers for VRNH1, VRNH2, and ACTIN were designed in accordance with Trevaskis et al. 
(2006); primers for VRNH3 in accordance with Yan et al. (2006); and primers for PPDH1 in 
accordance with Hemming et al. (2008). For PPDH2, the forward primer was designed in 
accordance with Kikuchi et al. (2009) and the reverse primer in accordance with Faure et al. 
(2007). In all cases, the same primers were used for semi-quantitative PCR and quantitative 
real-time PCR (qRT-PCR). Each primer pair amplified cDNA-specific DNA products. 
4.3.4. Semi-quantitative PCR 
Semi-quantitative PCR was performed in a GeneAmp® PCR System 2700 (Applied Biosystems). 
Cycling conditions were 4 min at 94°C, followed by cycles of 30 s denaturation at 94°C, 30 s 
annealing at 55°C, and 30 s elongation at 72°C for ACTIN (30 cycles), VRNH1 (30 cycles), and 
VRNH2 (35 cycles). For PPDH1 (30 cycles) and PPDH2 (35 cycles), the annealing temperature 
was 57°C, whereas for VRNH3 (35 cycles), the annealing temperature was set at 60°C. The 
enzyme used was Platinum® Taq DNA Polymerase (Invitrogen), in accordance with the 
manufacturer’s instructions. The PCR products were visualized on agarose gels. 
4.3.5. Real-time PCR quantification 
This was performed for samples obtained for each treatment at 0, 7, 21, and 35 days for Exp1. 
In Exp2, real-time PCR quantification was undertaken for groups of samples taken at 21 and 35 
days. Amplifications were carried out in 20-μl reactions that included 10 μl of SYBR Green 
Quantimix Easy SYG Kit (Biotools, Madrid, Spain), 0.3 μM each primer, 4 mM MgCl2, and 4 μl of 
cDNA, which corresponded to ~ 89 ng of total RNA. 
Reactions were run on an ICycler iQTM (BioRad). Cycling conditions were 6 min at 95°C, 
followed by 40 cycles of 30 s at 95°C, 30 s at 60°C, and 50 s at 72°C for VRNH1, VRNH2, VRNH3, 
ACTIN, and PPDH1. For PPDH2, the annealing temperature was 58°C. This was followed by a 
melting curve program (55–95°C), which involved incremental temperature increases of 0.5°C 
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with a hold for 10 s at each temperature. Fluorescence data were acquired during the 72°C 
step and during the melting curve program. Three identical reactions (technical repeats) were 
performed per sample, for each cDNA-primer combination in each run. ACTIN expression 
levels were also quantified in the same run. Two biological repeats were carried out in Exp1 
and three in Exp2. All experiments showed similar trends in separate biological repeats. 
Expression levels were calculated using the ICycler iQTM software package (BioRad). The 
expression of the genes at each time point was normalized to the expression of Actin. The 
amplification efficiencies of each primer set were calculated. 
4.3.6. Sequencing of HvFT3 (PPDH2) 
Polymorphisms in HvFT3 (PPDH2) were ascertained by sequencing. Primers were designed to 
amplify overlapping fragments on the basis of the sequence from the cultivar ‘Morex’ 
(AB476614; Supplementary Material 4.S3).  
GenBank accession numbers for the HvFT3 nucleotide sequences described in this manuscript 
are as follows: ‘Alexis’, HM133570; ‘Beka’, HM133571; ‘Pane’, HM133572; and SBCC058, 
HM133573. 
4.3.7. Statistical analysis 
Statistical analysis of the differences in relative expression between genotypes and treatment 
times was carried out using the analisis of variance (ANOVA) procedure in SAS (SAS Institute, 
1998). The variable used for the analysis was ∆CT (CT Actin – CT target gene) for each treatment and 
genotype, at each sampling time. This variable was preferred over the more commonly used 
2ΔCT because of the concerns expressed by Yuan et al. (2006) over its use for statistical analysis. 
These concerns were namely that the target variable for statistical analysis should be based 
directly on the CT value, because this parameter is influenced directly by the treatment, 
concentration, and the nature of the sample itself (in our case, the different genotypes). The 
ANOVA model included biological replication, genotype, sampling time (0, 7, 21, and 35 days 
for Exp1; 21 and 35 days for Exp2), and genotype-by-time interactions for each treatment (VSD 
and NVLD for Exp1, VSD only for Exp2) separately. Genotypes and treatments were considered 
as fixed factors. The variability due to biological repeats and their interaction with the other 
factors was used as the error term to test time and genotype, as well as their interaction. Each 
value included in the analysis was the average of three technical repeats, to protect against 
slight fluctuations in reading and small pipetting errors. Differences between genotypes at 
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each sampling time were calculated for each gene using orthogonal contrasts between each 
pair of genotypes.  
4.4. Results 
4.4.1. Flowering time in response to vernalization 
The lines studied differed in their responses to vernalization (Figure 4.1). For all genotypes 
except ‘Alexis’, the length of time to flowering decreased as the period of exposure to low 
temperature increased. ‘Alexis’ was completely unaffected by exposure to the cold, regardless 
of the length of the cold period. The three SBCC106-like lines showed very consistent results. 
The period of cold treatment required for these three lines and SBCC058 to flower early was 
no more than 30 days. Without vernalization, SBCC058 flowered 28 days later than ‘Alexis’ and 
the genotypes similar to SBCC106 60 days later than ‘Alexis’, whereas ‘Plaisant’ did not reach 
this stage during the experimental period (150 days).  
 
Figure 4.1. Days from sowing to flowering of four barley lines (‘Plaisant’, SBCC106-like, SBCC058, and 
‘Alexis’; mean of two replications) after 0, 15, 30, or 45 days of vernalization (3°C, 8-h light). Plants were 
grown in a phytotron at 18°C, 16-h light. Error bar (LSD 11.19 days, P=0.05). 
 
4.4.2. Differences in gene expression 
We analysed the expression patterns of three lines (‘Plaisant’, ‘Alexis’, and SBCC058) under 
VSD and NVLD treatments (Exp1) and that of SBCC106 under VSD conditions (Exp2). Gene 
expression was assessed by qRT-PCR at every other sampling time (Figures 4.2 and 4.4) and by 
semi-quantitative PCR at all sampling times (Figures 4.3 and 4.5). For each gene, the number of 
cycles performed for the semi-quantitative PCR was set in accordance with the qRT-PCR results 



























be differentiated best. Differences among genotypes and sampling times were detected for 
VRNH1, VRNH2, VRNH3, and PPDH2 for the VSD treatment, and for all the genes for the NVLD 
treatment (Figures 4.2–4.5). Of the five genes studied, the level of expression of VRNH1 was 













Figure 4.2. Relative expression levels of VRNH1 (A, B), VRNH2 (C), VRNH3 (D), PPDH1 (E), and PPDH2 (F) 
assayed by qRT-PCR in three barley lines, grown under conditions of vernalization and short days (VSD) 
or no vernalization and long days (NVLD). B shows enlarged graphs of VRNH1 expression for SBCC058 
and ‘Plaisant’. The results shown are normalized with respect to the level of the housekeeping gene 
ACTIN for each genotype and treatment. Samples were taken from plants that were 10 days old (time 0) 
or after 7, 21, and 35 days of growth under each treatment. The variable of relative gene expression 
shown is 2
ΔCT
, where ΔCT is (CT Actin – CT target gen), for each genotype and treatment. Error bars represent 
standard errors of the mean (SEM). For the sampling times, bars with the same letter are not 
significantly different at P=0.05 according to orthogonal contrasts performed for an ANOVA that 
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4.4.2.1. VRNH1 (HvBM5) 
The expression of VRNH1 was much higher in ‘Alexis’ than in the other genotypes for both 
treatments (Figures 4.2A and 4.3). There was no expression of VRNH1 in SBCC058, SBCC106, or 
‘Plaisant’ at day 0. Under the VSD treatment, VRNH1 expression increased gradually (Figures 
4.2B–4.5), first in SBCC058 (around day 7) and then in ‘Plaisant’ (around day 35), with the level 
for SBCC106 being between the other two (Figures 4.4A and 4.5). Expression in ‘Plaisant’ 
remained significantly lower than that in SBCC106 and SBCC058 until day 35 (Figures 4.4A).  
Under the NVLD treatment, VRNH1 expression in SBCC058 also increased with time, but at a 
lower rate than for the VSD treatment (Figures 4.2B and 4.3). In contrast, VRNH1 expression in 
‘Plaisant’ was undetectable with the NVLD treatment for the entire duration of the experiment 
(Figures 4.2B and 4.3). Expression of VRNH1 in SBCC058 was always significantly lower than 
that in ‘Alexis’ and significantly higher than that in ‘Plaisant’ for the later sampling times (days 
21 and 35, Figure 4.3). 
4.4.2.2. VRNH2 (HvZCCTa, b) 
Under the VSD treatment, VRNH2 expression in ‘Plaisant’, SBCC106, and SBCC058 was low and 
decreased with time, so that it had almost disappeared at 35 days (Figures 4.3 and 4.5). The 
decrease in VRNH2 expression contrasted with the increase in VRNH1 expression in ‘Plaisant’, 
SBCC058 (Figures 4.2B, 4.2C, and 4.3), and SBCC106 (Figure 4.5). Under the NVLD treatment, 
VRNH2 expression for ‘Plaisant’ and SBCC058 increased after 7 days, was sustained, and then 
decreased slightly until the end of the experiment (Figures 4.2C and 4.3). 
4.4.2.3. VRNH3 (HvFT1) 
All genotypes carried the same recessive allele in VRNH3 (Table 4.1); however, differences in 
expression were detected. The expression of VRNH3 was very low under the VSD treatment for 
all genotypes in both experiments and for all sampling times. Indeed, no expression was 
apparent in the semi-quantitative PCR gels (Figures 4.3 and 4.5) after 35 cycles. By qRT-PCR, 
VRNH3 expression could only be detected in ‘Alexis’ at the last sampling time (Figure 4.2D). 
Under NVLD conditions, VRNH3 could already be detected in ‘Alexis’ after 7 days, whereas 





















Figure 4.3. Semi-quantitative PCR for VRNH1 (30 cycles), VRNH2 (35 cycles), VRNH3 (35 cycles), PPDH1 
(30 cycles), PPDH2 (35 cycles), and ACTIN (30 cycles) in three lines of barley vernalized under conditions 
of a short photoperiod (VSD), or grown without vernalization with long days (NVLD), over the course of 
five weeks (0, 7, 14, 21, 28, and 35 days).  
 
4.4.2.4. PPDH1 (HvPRR7) 
qRT-PCR did not detect any significant differences in PPDH1 expression among genotypes and 
sampling times for the VSD treatment (Figure 4.2E), nor were there apparent differences 
among the four genotypes in the semi-quantitative assays (Figures 4.3 and 4.5), even though 
‘Alexis’ carries a different allele to the other three genotypes. In contrast, we observed 
significant differences among genotypes under the NVLD conditions (Figure 4.2E). Overall, in 
Exp1, PPDH1 expression increased over time for ‘Alexis’ and ‘Plaisant’, but not for SBCC058. At 
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day 35, ‘Alexis’ and ‘Plaisant’ exhibited significantly higher transcript levels than SBCC058 
(Figures 4.2E and 4.3).  
4.4.2.5. PPDH2 (HvFT3) 
In the case of PPDH2, we found differences among genotypes and times for both treatments 
(Figures 4.2F–4.5). Differences can be explained partly by the presence of ppdH2 (the non-
functional allele) in ‘Plaisant’, which caused the absence of transcripts in this variety. All the 
other lines analysed in Exp1 and Exp2 had the same functional allele (Table 4.1). Differences 
between sampling times stemmed mostly from the fact that the expression at day 0 was 
almost zero, as compared with later sampling times (in genotypes other than ‘Plaisant’). 
PPDH2 exhibited a higher level of expression under VSD conditions than under the NVLD 
treatment (Figures 4.2F-4.5). The levels of PPDH2 expression in ‘Alexis’ and SBCC058 were very 
similar, with transcripts being detected after just 7 days of VSD treatment and the levels then 
increasing slightly with time (Figures 4.2F and 4.3). In contrast, expression was detected later 
in SBCC106 in the VSD treatment in Exp2, at 21 days, as compared with ‘Alexis’ and SBCC058 
(Figures 4.4B and 4.5). Moreover, PPDH2 expression in SBCC106 did not reach the level 
attained in SBCC058 at 35 days (Figures 4.4B). For the NVLD treatment, PPDH2 expression was 
detected only in ‘Alexis’ (Figures 4.2F and 4.3). No expression was found in SBCC058 even 
though it carries the same allele as ‘Alexis’. After 35 days, when ‘Alexis’ had already flowered, 
the level of PPDH2 transcripts in ‘Alexis’ had decreased again. 
To investigate the differences in the expression of PPDH2 among the genotypes that carried 
functional alleles (‘Alexis’ and SBCC058), we carried out two different experiments: (i) we 
sequenced HvFT3 (PPDH2) in several genotypes (including ‘Alexis’ and SBCC058) that have the 
functional allele of this gene and (ii) we analysed the expression profile of PPDH2 in two 












Figure 4.4. Relative expression levels of VRNH1. (A) and PPDH2 (B), assayed by qRT-PCR in three barley 
lines, grown under vernalization and short-day conditions (VSD). The results shown are normalized with 
respect to the housekeeping gene ACTIN for each genotype and treatment. Samples were taken after 21 
or 35 days of growth. The variable of relative gene expression shown is 2
ΔCT
, where ΔCT is (CT Actin – CT 
target gen), for each genotype and treatment. Error bars represent standard errors of the mean (SEM). For 
each sampling time, bars with the same letter are not significantly different at P=0.05 according to 





Figure 4.5. Semi-quantitative PCR for VRNH1 (30 cycles), VRNH2 (35 cycles), VRNH3 (35 cycles), PPDH1 
(30 cycles), PPDH2 (35 cycles), and ACTIN (30 cycles) in three lines of barley vernalized under conditions 
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4.4.3. Sequencing of HvFT3 in ‘Alexis’ and SBCC058 
The differences in expression of HvFT3 (PPDH2) between ‘Alexis’ and SBCC058 in Exp1 were 
apparently due to differences in regulation, because these lines both carry putatively 
functional alleles. To ensure that the difference in expression pattern was not due to sequence 
polymorphisms, which might produce functional changes, we sequenced 1,922 bp of the 
HvFT3 gene. In addition to ‘Alexis’ and SBCC058, we also sequenced the gene from the Spanish 
cultivar ‘Pané’ (SBCC167) and from the French spring cultivar ‘Beka’ (SBCC169). All of these 
carry the functional allele of HvFT3. 
The sequences obtained for the four genotypes were the same and 99% identical to that of 
cultivar ‘Morex’ (AB476614) (Supplementary Material Figure 4.S3). The only observed 
polymorphism within the coding sequence, after comparison with ‘Morex’, was in exon 3. This 
SNP does not produce a change in the amino acid sequence. Therefore, the differences 
observed in the HvFT3 expression profiles of the studied lines were not caused by 
polymorphisms in the coding sequence of the gene. 
4.4.4. Regulation of HvFT3 expression under conditions that do not typically induce its 
expression 
The expression of HvFT3 detected in ‘Alexis’ under a long photoperiod was unexpected, 
because this gene has been thought to respond only to short days. We sought to confirm the 
response of this gene to conditions that had been thought not to induce its expression (NVLD 
treatment) in a different set of plant materials. The doubled haploid populations (DH) ‘Alexis’ × 
‘Pané’ (Cuesta-Marcos et al. 2008a) and ‘Beka’ × ‘Mogador’ (Cuesta-Marcos et al. 2008b) 
segregate at VRNH1 and VRNH2. Therefore, they can be used to assess the possible effects of 
genes involved in the response to vernalization on HvFT3. In the first population, ‘Pané’ has all 
five alleles for the genes involved in responses to vernalization and photoperiod that are 
carried by SBCC058 (therefore, the population segregates for VRNH1, VRNH2, and PPDH1; 
Table 4.1). In the second population, ‘Beka’ carries the functional HvFT3 allele, whereas 
‘Mogador’ has the nonfunctional allele, the same as ‘Plaisant’. Thus, this population segregates 
for VRNH1, VRNH2, and HvFT3 (Table 4.1), although we only chose lines with the functional 
allele of HvFT3 for this experiment.  
In ‘Pané’, HvFT3 was not transcribed, whereas ‘Alexis’ and ‘Beka’ showed high levels of HvFT3 
expression (Figure 4.6). Expression of HvFT3 was not detected in DH lines that carried the 
functional allele but showed high levels of expression of VRNH2 (DH lines 385 and 426). 
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However, HvFT3 expression could be detected in some DH lines that did carry VRNH2, but in 
which the level of VRNH2 expression was apparently lower (DH lines 412 and 414). Indeed, 
lines without VRNH2 exhibited the highest level of expression of HvFT3 (DH lines 416, 424, 
427, and 429). This suggests that VRNH2 might play a role in the down-regulation of HvFT3 
(Figure 4.6). There seemed to be no relationship between the genotype for PPDH1 and the 
expression of HvFT3. Finally, expression of VRNH3 was detected in only a few DH lines of the 
‘Alexis’ × ‘Pané’ population, namely, those that carried the spring allele of VRNH1 from ‘Alexis’ 
or in which VRNH2 was absent (Figure 4.6).  
 
1
 Both ‘Alexis’ and ‘Pané’ carry the functional allele in PPDH2 
2
 ‘Alexis’, ‘Pané’, ‘Beka’, and ‘Mogador’ all carry the same recessive allele in VRNH3 
3
 Both ‘Beka’ and ‘Mogador’ carry the allele that conveys insensitivity to long photoperiod in PPDH1 
 
Figure 4.6. Semi-quantitative PCR for VRNH1 (30 cycles), VRNH2 (35 cycles), VRNH3 (35 cycles), PPDH1 
(30 cycles), PPDH2 (35 cycles), and ACTIN (30 cycles) in DH lines of two barley mapping populations 
grown for 10 days without vernalization under conditions of a long photoperiod (NVLD). Genetic 
constitution of the parental lines was as follows: ‘Alexis’ (VRNH1-3, vrnH2, PPDH2, ppdH1), ‘Pané’ 
(VRNH1-4, VRNH2, PPDH2, PPDH1), ‘Beka’ (VRNH1-1, vrnH2, PPDH2, ppdH1), and ‘Mogador’ (vrnH1, 
VRNH2, ppdH2, ppdH1); VRNH1 alleles are coded in accordance with Hemming et al. (2009). P, ‘Pané’ 
allele; A, ‘Alexis’ allele; B, ‘Beka’ allele; M, ‘Mogador’ allele. 
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4.5. Discussion 
4.5.1. Expression of VRNH1 is responsible for a gradation in the vernalization requirements of 
barley 
‘Alexis’ and ‘Plaisant’ presented flowering behaviours, responses to vernalization, and 
expression patterns for flowering genes that were in accordance with expectations for typical 
varieties with spring and winter growth habits, respectively. Typically, spring cereal varieties 
do not require a cold period prior to heading, whereas in winter varieties, it is an essential 
prerequisite for flowering (Roberts et al. 1988). However, SBCC106 and SBCC058 displayed 
intermediate responses. This situation resembles the gradation of vernalization requirements 
described by Takahashi and Yasuda (1971), which was associated with an allelic series of what 
is now known as VRNH1. The phenology of the four lines studied seems to be associated with 
the respective VRNH1 alleles. Polymorphism at VRNH1 has been described by several authors, 
and in some cases has been related to differences in function (Fu et al. 2005; Cockram et al. 
2007; Szűcs et al. 2007). 
The cultivar ‘Plaisant’, with a winter growth habit, carries an allele of VRNH1 with a full-length 
intron 1. This cultivar flowers very late in the absence of vernalization and expression of 
VRNH1 is undetectable in plants that have not been vernalized, as reported for other winter 
cultivars by Trevaskis et al. (2003), von Zitzewitz et al. (2005), and Hemming et al. (2009). As 
expected (von Zitzewitz et al. 2005; Trevaskis et al. 2006), cold treatment induced the 
expression of VRNH1 and decreased the time to flowering.  
SBCC106 and SBCC058, with an intermediate growth habit, carry alleles of VRNH1 with 
deletions of ~0.5 kb (VRNH1-6 in Hemming et al. 2009) and ~4 kb (VRNH1-4, ibid) in intron 1, 
respectively. These deletions have been reported previously: VRNH1-4 in cultivars ‘Albacete’ 
and ‘Calicuchima-sib’ (von Zitzewitz et al. 2005, Szűcs et al. 2007) and VRNH1-6 in cultivar 
‘Express’ (Cockram et al. 2007). SBCC106 and SBCC058 flowered relatively late in the absence 
of vernalization, whereas cold treatment induced increased VRNH1 expression and decreased 
the time to flowering.  
The small deletion (~0.5 kb) in intron 1 that is carried by cultivar SBCC106 is sufficient to 
enable the detection of VRNH1 expression in plants that have not been vernalized and are 
grown under a short photoperiod (Hemming et al. 2009). The low level of VRNH1 expression 
associated with this allele appears to be sufficient to allow flowering in the absence of 
vernalization, after a long vegetative period, as already reported by Hemming et al. (2009). 
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‘Alexis’, a spring cultivar, carries a VRNH1 allele with a very large deletion in intron 1 (~9 kb), 
which was first described in cultivar ‘Triumph’ (von Zitzewitz et al. 2005) and corresponds to 
allele VRNH1-3 reported by Hemming et al. (2009). This cultivar flowered early in the absence 
of vernalization and exhibited high levels of VRNH1 expression in plants that had not been 
vernalized. Cold treatment was found to induce an increase in VRNH1-3 expression levels, 
although flowering time did not change significantly, as reported by Hemming et al. (2009). 
In general, the growth habits of these four barley lines and their responses to vernalization 
were correlated with their level of expression of VRNH1 and the size of the deletion in intron 1. 
The larger the deletion, the higher the levels of VRNH1 transcript in plants both with and 
without vernalization, and the earlier the plants tended to flower. This is consistent with data 
presented for several VRNH1 alleles by other researchers (Cockram et al. 2007; Szűcs et al. 
2007; Hemming et al. 2009). However, this is the first report that shows increased expression 
of the VRNH1-6 allele in response to vernalization. In addition, the duration of the cold 
treatment required to trigger VRNH1 expression differed for the four alleles studied. ‘Alexis’, 
the spring cultivar, exhibited high expression from the very beginning, whereas SBCC058, 
SBCC106, and ‘Plaisant’, in this order, exhibited increasingly long lag periods until expression 
was detected.  
Oliver et al. (2009) showed that, in barley, as in Arabidopsis, flowering induced by vernalization 
is associated with epigenetic changes at the VRNH1 gene that promote an active chromatin 
state. In this earlier study, two cultivars of barley were used, a winter type (‘Sonja’), with a full-
length intron 1, and a spring type (‘Morex’), which carries a large deletion in the first intron of 
VRNH1 (VRNH1-1). It was suggested that regions of the first intron that are present in the 
winter cultivar could be important for the repression of VRNH1 before vernalization. A similar 
mechanism might also be responsible for the differing behaviour of the VRNH1 alleles studied 
here, which are characterized by differences at intron 1. 
It has been proposed that genotypes that carry the VRNH1 allele found in SBCC058, even in the 
presence of VRNH2, should be classified agronomically as ‘spring’ varieties with a reduced 
requirement for vernalization (Cockram et al. 2007; Szűcs et al. 2007), whereas the SBCC106 
allele confers a strict winter habit, with a requirement for full vernalization (Cockram et al. 
2007). The results of our study provide evidence that indicates that lines SBCC106 (VRNH1-6) 
and SBCC058 (VRNH1-4) exhibit patterns of expression of VRNH1 that are intermediate 
between those of the varieties with habits of winter and spring growth. The intermediate 
nature of the vernalization response of SBCC058 was confirmed recently using a different set 
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of materials (Casao et al. 2011). In this previous study, the introgression of the SBCC058 
VRNH1 allele into a winter-type background reduced but did not cancel the vernalization 
requirement of the winter-type cultivar.  
Thus, as other researchers have suggested, different VRNH1 alleles are associated with 
different growth habits and flowering times. We propose that polymorphism of VRNH1 
polymorphism can be used as the basis for the adaptation of cultivars to enable them to grow 
in particular regions. SBCC058 and SBCC106 are representative of the two main VRNH1/VRNH2 
haplotypes found in a large class of Spanish barleys (Casas et al. 2008). In fact, out of the 159 
landraces represented in the Spanish Barley Core Collection, 47 carry the VRNH1/VRNH2 
haplotype of SBCC058 and 93 carry the same haplotype as SBCC106. This latter haplotype has 
been found at very low frequencies in European barley germplasm (5C+Z in Cockram et al. 
2007). These VRNH1 alleles found in Spanish barleys could confer advantages that enable 
adaptation to the Mediterranean climate that predominates in the Iberian Peninsula, with 
winters that are milder than those in more northerly latitudes. 
4.5.2. Expression analysis of vernalization and photoperiod genes 
Expression analyses might help to explain the causes that underlie the variety of phenotypic 
responses that are observed with respect to vernalization. As far as we know, this is the first 
study that has examined the time course of expression of the five major genes that are 
associated with responses to vernalization and photoperiod in barley simultaneously.  
The interactions among VRNH1, VRNH2, and VRNH3 form a feedback regulatory loop, which 
means that modification of the transcript levels of any one of these genes affects the 
transcript levels of the others (Distelfeld et al. 2009). This model predicts that, under the 
conditions that are prevalent during winter after sowing in autumn (low temperature and 
short photoperiod), VRNH2 is repressed (by a lack of long days) and VRNH1 is expressed 
increasingly as the number of cold days increases. This was confirmed by the results described 
herein for this kind of genotypes (‘Plaisant’, SBCC106, and SBCC058). In general, the expression 
of VRNH2 was accompanied by almost complete absence of VRNH1 expression under a long 
photoperiod. These results agree with those reported by Yan et al. (2006). However, in 
SBCC058, simultaneous expression of these two genes under the conditions of NVLD was 
detected, but at levels that might indicate a rise in VRNH1 and the beginning of a decrease in 
VRNH2 expression.  
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VRNH3 expression was not detected in any of the lines under the VSD treatment because the 
conditions did not induce the expression of this gene, as expected (long days are required). 
Slight expression of VRNH3 could only be detected in ‘Alexis’ after 35 days (Figure 4.2). A low 
level of expression of VRNH3 was also observed under short days (12-h light) by Kikuchi et al. 
(2009) in the spring cultivar ‘Morex’.  
Under conditions with a long photoperiod, expression of VRNH3 was not detected in 
genotypes in which VRNH2 was present, as predicted by the feedback model and shown 
experimentally by Hemming et al. (2008). VRNH3 expression was detected only in ‘Alexis’, 
although its level was low. ‘Alexis’ has a genotype that conveys insensitivity to long 
photoperiod, and high levels of VRNH3 expression have only been reported in the literature for 
genotypes with an active PPDH1 allele (Turner et al. 2005; Faure et al. 2007; Hemming et al. 
2008; Kikuchi et al. 2009).  
4.5.3. Correlation between VRNH2 expression and HvFT3 repression 
In our study, we also analysed HvFT3, the candidate gene for PPDH2 (Faure et al. 2007; Kikuchi 
et al. 2009). Under conditions with a short photoperiod, HvFT3 was expressed in all the 
genotypes that carried the active allele. There are numerous reports that describe the effect of 
this gene under conditions of short days (Laurie et al. 1995; Faure et al. 2007; Karsai et al. 
2008; Kikuchi et al. 2009). HvFT3 was also expressed weakly under conditions of a long 
photoperiod in ‘Alexis’. This result was unexpected, but confirms similar observations by Faure 
et al. (2007) and Kikuchi et al. (2009) in the spring cultivars ‘Triumph’ and ‘Morex’, 
respectively. The lack of expression of HvFT3 in SBCC058 during the NVLD treatment must 
have been caused by a mechanism of repression that is absent  in ‘Alexis’, because both 
genotypes share the same HvFT3 allele (Table 4.1) and no differences were detected between 
them in terms of the nucleotide sequence. 
A possible role of HvFT3 in the determination of flowering time is also supported by a previous 
QTL analysis on the population ‘Beka’ × ’Mogador’ (Cuesta-Marcos et al. 2008b). We found 
that HvFT3 (Supplemental Material Figure 4.S2) corresponded to a major QTL that affected 
flowering under short days in the field and in glasshouse experiments; this QTL was detected in 
earlier studies and also found previously to be associated with HvFT3 (Laurie et al. 1995; Faure 
et al. 2007; Kikuchi et al. 2009). However, previously we also found a QTL with a peak at HvFT3 
under conditions of long days in a glasshouse, although its influence on flowering time under 
these conditions was weaker than that during short days (Cuesta-Marcos et al. 2008b). This 
result seems to be consistent with the expression pattern of HvFT3 that was detected under 
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conditions of long days in ‘Alexis’. Karsai et al. (2008) also found an effect of PPDH2 under 
conditions of a long photoperiod in the ‘Dicktoo’ × ‘Morex’ population. 
By further analysis of HvFT3 expression in DH lines of two barley populations, we found that, 
under conditions of long days, the expression levels of HvFT3 and VRNH2 were related 
inversely (Fig. 4.6). This suggests a possible role of VRNH2 in the down-regulation of HvFT3 
expression and, indirectly, in the regulation of flowering time through an interaction with the 
pathway that affects responses to day length. Expression of HvFT3 under conditions of a long 
photoperiod was detected in ‘Alexis’ and some DH lines, but not in SBCC058 or ‘Pané’. VRNH2 
(absent in ‘Alexis’) was expressed in SBCC058 under these conditions. Therefore, VRNH2 
expression might repress HvFT3 expression in SBCC058. Interaction of VRNH2 with the 
photoperiod pathway has already been described by Hemming et al. (2008). They reported an 
interaction between VRNH2, VRNH3, and PPDH1 under a long photoperiod, such that deletion 
of VRNH2 was associated with expression of VRNH3 and early flowering only when combined 
with the PPDH1 allele that conveys sensitivity to a long photoperiod. They concluded that 
VRNH2 counteracts the effects of PPDH1 to prevent flowering before vernalization. Our results 
illustrate that VRNH2 also offsets the effects of PPDH2 under conditions of a long photoperiod. 
In the absence of VRNH2, expression of PPDH2 and VRNH3 could be observed in plants with 
both alleles of PPDH1. 
The interaction of VRNH2 with two of the representatives of the FT gene family suggests the 
possibility of similar mechanisms of action for both HvFT1 and HvFT3. This hypothesis would 
be consistent with the results of Kikuchi et al. (2009). In this previous study, it was 
hypothesized that HvFT3 functions indirectly to promote flowering and that its activity can be 
modulated by photoperiod signals, even with a short photoperiod. An important role for 
VRNH2 in the promotion to flowering has been proposed recently by Distelfeld and Dubcovsky 
(2010), although they acknowledge that its function has not been elucidated completely. In 
this study, we suggest that VRNH2, a gene shown previously to act as a repressor of HvFT1, 
also appears to act as a repressor of HvFT3. By this mechanism, the pattern of HvFT3 
expression with respect to day length might be determined fully or partially by VRNH2: VRNH2 
is not expressed under conditions of short days, therefore, HvFT3 is expressed. However, 
VRNH2 is expressed under conditions of long days and represses the expression of HvFT3. In 
barley varieties in which the VRNH2 locus is deleted, HvFT3 is expressed under conditions of 
long days. However, HvFT3 is expressed at a lower level under long days than under short 
days, which suggests that a promoter of HvFT3 is activated more strongly under conditions of 
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Capítulo 5. Adaptation of barley to mild winters: A role for PPDH2 
 
5.1. Abstract 
Understanding the adaptation of cereals to environmental conditions is one of the key areas in 
which plant science can contribute to tackling challenges presented by climate change. 
Temperature and day-length are the main environmental regulators of flowering and drivers of 
adaptation in temperate cereals. The major genes that control flowering time in barley in 
response to environmental cues are VRNH1, VRNH2, VRNH3, PPDH1 and PPDH2 (candidate 
gene HvFT3). These genes from the vernalization and photoperiod pathways show complex 
interactions to promote flowering that are still not understood fully. In particular, PPDH2 
function is assumed to be limited to sensitivity to a short photoperiod. Evidence from the fields 
of biodiversity, ecogeography, agronomy and molecular genetics was combined to obtain a 
more complete overview of the potential role of PPDH2 in environmental adaptation in barley. 
The dominant HvFT3 allele is represented widely in spring barley cultivars but is found only 
occasionally in modern winter cultivars that have strong vernalization requirements. However, 
old landraces from the Iberian Peninsula, which also have a vernalization requirement, possess 
this allele at a much higher frequency than modern winter barley cultivars. Under field 
conditions in which the vernalization requirement of winter cultivars is not satisfied, the 
dominant PPDH2 allele might promote flowering, even under a long photoperiod. This 
hypothesis was confirmed by expression analysis of vernalization-responsive genotypes, which 
showed that VRNH2 expression induced by a long photoperiod was repressed by VRNH1 
expression (with the timing dependent on the allele present at VRNH1). When VRNH2 
expression was repressed, the dominant allele of HvFT3 was expressed. HvFT3s expression was 
associated with enhanced levels of VRNH1 and VRNH3 expression, which confirmed the 
distinct phenotypic effect observed under field conditions. The dominant (short-photoperiod 
sensitive) allele of HvFT3 is prevalent in southern European barley germplasm. The presence of 
the dominant allele is associated with early expression of VRNH1 and early flowering, 
particularly under noninductive conditions, which are common for sowings of winter cereal in 
the region. This mechanism is indicated to be a component of an adaptation syndrome of 
barley to Mediterranean conditions. 
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5.2. Introduction 
Temperature and photoperiod are the main environmental cues that regulate flowering time 
in winter cereals (Laurie et al. 1995; Trevaskis et al. 2003). Barley (Hordeum vulgare L.) is 
classified as a long-day plant which means that it will flower earlier when exposed to 
increasing day lengths. Some genotypes of barley require a period of prolonged exposure to 
cold during the winter (vernalization) to accelerate the transition of the shoot apex from 
vegetative to reproductive development (Flood and Halloran 1984). This combination of a 
requirement for vernalization and sensitivity to photoperiod ensures that flowering is 
postponed until after winter to avoid frost damage, but then occurs rapidly as day-length 
increases during spring, thereby avoiding heat and water stress during summer (Trevaskis et al. 
2007). 
Wheat and barley cultivars are classified on the basis of their flowering behavior into two types 
of growth habit, namely winter and spring. The former requires prolonged exposure to low 
temperature to flower, whereas the latter group flowers rapidly without exposure to cold. 
Genetic studies have revealed that three genes, VRNH1, VRNH2 and VRNH3, and the epistatic 
relationships among them control the requirement for vernalization (Takahashi and Yasuda 
1971; Distelfeld et al. 2009). The winter growth habit depends on the combination of a 
recessive allele at VRNH1 and VRNH3 with the dominant allele at VRNH2. Genotypes that 
possess other allelic combinations for these genes exhibit a spring growth habit. In agronomic 
classifications of barley germplam, a third category of cultivars, termed facultative, is 
recognized, in which cultivars show winter hardiness but do not require vernalization. 
The activity of VRNH1 is essential for flowering (Trevaskis 2010). VRNH1 acts as a promoter of 
flowering, is induced by vernalization, and regulates the transition to reproductive stage at the 
shoot apex (Hemming et al. 2008). Allelic variation at VRNH1 has been described, mainly in 
relation to deletions within the first intron (Fu et al. 2005; Cockram et al. 2007; Szücs et al. 
2007). These deletions are presumed to be responsible for the different vernalization 
requirements that are associated with different alleles. In plants that have not been 
vernalized, the deletions lead to differences in the levels of the VRNH1 transcript and, 
consequently, the allelic variation results in diverse flowering times (Hemming et al. 2009; 
Casao et al. 2011). 
VRNH2 is a floral repressor that delays flowering until plants are vernalized (Takahashi and 
Yasuda 1971; Yan et al. 2004). Allelic diversity at VRNH2 arises from the presence or deletion 
of a cluster of three genes (ZCCT-H) (Karsai et al. 2005). The null allele of VRNH2 corresponds 
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to the recessive spring allele and is associated with rapid flowering (Karsai et al. 2005; 
Dubcovsky et al. 2005; von Zitzewitz et al. 2005). Day length is the major determinant of the 
level of VRNH2 expression, with high levels of expression occurring during periods with long 
days (Yan et al. 2004; Dubcovsky et al. 2006; Trevaskis et al. 2006). 
HvFT1, candidate for VRNH3, is a homolog of the FLOWERING LOCUS T gene (FT) of 
Arabidopsis thaliana (Yan et al. 2006; Faure et al. 2007). Strong evidence indicates that VRNH3 
plays a central role in promoting flowering as an integrator of the vernalization and 
photoperiod pathways in temperate cereals (Distelfeld et al. 2009; Hemming et al. 2008; 
Kikuchi et al. 2009). Recently, novel VRNH3 alleles that show different adaptative effects have 
been identified by analyzing sequence polymorphisms and their phenotypic effects (Casas et 
al. 2011). 
Two major photoperiod response genes, PPDH1 and PPDH2, have been reported in barley 
(Laurie et al. 1994; 1995). PPDH1 confers sensitivity to long photoperiod and accelerates 
flowering under long days (Turner et al. 2005). HvFT3 has been identified as a candidate gene 
for PPDH2, which is described as a gene responsive to short photoperiod (Faure et al. 2007; 
Kikuchi et al. 2009). 
The complexity and the strength of the interactions reported among these genes indicate that 
they share the same regulatory network (Greenup et al. 2009; Shimada et al. 2009; Higgins et 
al. 2010). VRNH1, VRNH2 and VRNH3 form a feedback regulatory loop (Distelfeld et al. 2009). 
VRNH1 is probably the principal target of the vernalization signal (Trevaskis et al. 2003). Levels 
of the VRNH2 transcript are down-regulated by short days and by a high level of VRNH1 
expression (Trevaskis et al. 2006). Expression of VRNH2 delays flowering by inhibiting 
expression of VRNH3 (Hemming et al. 2008). After vernalization, transcription of VRNH2 
decreases, which facilitates the up-regulation of VRNH3 by long days in the spring, and triggers 
flowering (Trevaskis et al. 2007; Distelfeld et al. 2009). It is likely that the down-regulation of 
VRNH2 is mediated by VRNH1. Photoperiod response genes also participate in the promotion 
to flowering. The dominant PPDH1 allele accelerates flowering by up-regulating VRNH3 under 
long days (Hemming et al. 2008). PPDH2 is indicated to up-regulate VRNH3 expression under 
short day conditions (Kikuchi et al. 2009). In addition, expression of PPDH2 has been detected 
both under short days (Faure et al. 2007; Kikuchi et al. 2009) and under long days when the 
levels of VRNH2 transcript decrease (Casao et al. 2011). 
As a result of these interactions, phenotypic responses of barley to environmental signals are 
complex. Natural allelic variation at these flowering time genes has been found in several 
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studies, in relation to responses to vernalization (Cockram et al. 2007; Hemming et al. 2008; 
Saisho et al. 2011); photoperiod (Faure et al. 2007; Jones et al. 2008), or both (Cuesta-Marcos 
et al. 2010; Cockram et al. 2011). This natural variation might be related to adaptation to 
different environmental conditions.  
In the study reported herein, we investigated further the patterns of expression and 
interactions of VRN and PPD genes in a selection of vernalization-responsive barley cultivars. 
These cultivars represented different allelic combinations of VRNH1, VRNH3 and PPDH2 in a 
dominant PPDH1 and VRNH2 genetic background. The geographic distribution of PPDH2 alleles 
was analyzed in a wide array of barley germplasm that represented cultivars and landraces. In 
addition, the possible role of PPDH2 (HvFT3) in the acceleration of flowering under long days 
was examined in a collection of winter cultivars, by analyzing their response to vernalization 
treatments of different duration. 
5.3. Materials and Methods 
5.3.1. Genotyping 
A set of 162 barley genotypes (Supplementary Material Table 5.S1), and 159 landraces from 
the SBCC were genotyped for the vernalization (VRNH1, VRNH2 and VRNH3) and photoperiod 
genes (PPDH1 and PPDH2), as described previously (Casao et al. 2011; Casas et al. 2011). 
Genotyping was conducted on single plants of each accession, partly at ARI-HAS (Hungary) and 
partly at EEAD-CSIC (Spain). 
5.3.2. Gene expression analysis 
5.3.2.1. Plant material 
Eight winter genotypes of barley were chosen to assess differences in the expression of the 
five major genes involved in responses to temperature and photoperiod. The genotypes 
consisted of the French cultivars ‘Rebelle’ ((‘Barbarrosa’ x ‘Monarca’) x ‘Pirate’); ‘Plaisant’ 
(‘Ager’ x ‘Nymphe’); ‘Hispanic’ (‘Mosar’ x (‘Flika’ x ‘Lada’)), and ‘Arlois’ (unknown pedigree), 
and four inbred lines, derived from landraces, that belong to the Spanish Barley Core 
Collection (SBCC) (Igartua et al. 1998). The genotypes studied have different VRNH1-VRNH3 
allelic combinations and all can be classified as “winter” genotypes. The genotypes can be 
grouped into four pairs, with each pair sharing the same VRNH1 allele, as defined by the length 
of the first intron. Each pair defined on the basis of VRNH1 structure was polymorphic for 
VRNH3 (Table 5.2), as defined by single nucleotide polymorphism (SNPs) in intron 1, as 
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reported previously (Yan et al. 2006), and by indels in the promoter region (Casas et al. 2011). 
All genotypes carried an active VRNH2 and the sensitive allele at PPDH1, and all carried the 
PPDH2, functional allele, except Rebelle and Plaisant (Table 5.2).  
5.3.2.2. Conditions of plant growth 
For expression studies, seeds of the eight genotypes were sown in pots and germinated in a 
sunlit glasshouse at 19 ± 1°C, with a 16 h-light/8-h dark photoperiod. Ten days after sowing, 
when the plants had reached the two-leaf stage [Z12, Zadoks scale (Zadoks et al. 1974)], the 
seedlings were moved to a growth chamber and exposed to 7 ± 1°C for 15, 30 or 45 days under 
a short photoperiod (8-h light/16-h dark), and low light intensity (12 μmol m-2 s-1). After 
vernalization, the plants were transferred sequentially to an additional growth chamber 
maintained at 22 ± 1°C under a 16 h-light/8 h-dark photoperiod with light intensity of 220 
µmol m-2 s-1, where they were kept for 15 days, after which whole seedlings, excluding root 
tissue, were harvested. Harvesting took place in the middle of the light period. Four individual 
plants were harvested per sampling time-point and genotype, and were treated as four 
biological replicates. 
5.3.2.3. RT-PCR and real-time PCR analysis 
Extraction of RNA and preparation of cDNA followed the methods reported previously (Casao 
et al. 2011). Quantitative reverse-transcription PCR (qRT-PCR) was performed for all the 
samples harvested. Amplifications were carried out in 20-µl reactions that included 10 µl of 
SYBR Green Quantimix Easy SYG Kit (Biotools, Madrid, Spain), 0.3 µM of each primer, 4 mM 
MgCl2, and 4 µl of cDNA, which corresponded to 300 ng of total RNA. Reactions were run on an 
ABI7500 real-time PCR system (Applied Biosystems). Cycling conditions for VRNH1, VRNH2, 
VRNH3, ACTIN, and PPDH2 were 6 min at 95°C, followed by 40 cycles of 15 s at 95°C, 15 s at 
60°C, and 50 s at 72°C, and this was followed immediately by a melting curve program (60-
95°C). Fluorescence data were acquired during the elongation step at 72°C and during the 
melting curve program. Two identical reactions (technical repeats) were performed per sample 
for each cDNA-primer combination. Levels of ACTIN expression were also quantified in the 
same run as an internal control. Four biological repeats were analyzed and showed similar 
trends. Expression levels were calculated using the ABI 7500 software package (Applied 
Biosystems). Gene expression at each time-point was normalized to the expression of ACTIN. 
5.3.2.4. Statistical analysis of differences in gene expression 
Differences in relative expression between genotypes and treatments were evaluated using 
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 the analysis of variance (ANOVA) procedure in SAS (SAS Institute 1998). The variable used for 
the analysis of each treatment and genotype was ΔCT (CT Actin–CT target gene). This variable was 
preferred over the more commonly used 2-ΔCT because of the concerns expressed regarding its 
use for statistical analysis (Yuan et al. 2006). The ANOVA model included biological replication, 
genotype, treatments and genotype-by-treatment interactions. Genotypes and treatments 
were considered as fixed factors. The variability that resulted from biological repeats and their 
interaction with the other factors was used as the error term to test genotype and treatment, 
as well as their interaction. A multiple means separation was carried out using the least 
significant difference (LSD) test (P<0.05) for the main effects that were significant in the 
ANOVA. Each value included in the analysis was the average of two technical repeats to 
protect against slight fluctuations in reading and small pipetting errors. 
5.3.3. Field trial 
5.3.3.1. Field trial of winter cultivars after vernalization treatment 
Sensitivity to vernalization and the subsequent flowering behavior of a set of 70 winter barley 
genotypes (Supplementary Material Table 5.S2) were evaluated. A vernalization period was 
imposed using the Martonvásár Phytotron (Hungary), in accordance with procedures described 
previously (Karsai et al. 2004). Vernalization was applied in 15-day increments, to give a total 
of five treatments that ranged from no vernalization to 60 days of vernalization at a 
temperature of 3°C, under an 8-h light/16-h dark photoperiod and low light intensity (12-13 
µmol m-2 s-1). After vernalization, seedlings were transplanted by hand to the field at 
Martonvásár, Hungary, on March 25th 2010, when the average photoperiod was 12h. Two 
plants were evaluated per genotype and treatment. For each plant, the number of days to 
flowering [Z49, Zadoks scale (Zadoks et al. 1974)] was scored. The trial was terminated after 
100 days. Plants that had not headed were given a value of 150 days to heading. 
5.3.3.2. Statistical analysis of field trial 
Differences in days to heading were analyzed by means of ANOVA. VRNH3, PPDH1 and PPDH2 
and vernalization treatment were included as fixed main factors. Replications were nested into 
genotypes. ANOVA was performed in Genstat 13 (VSN International Ltd., UK), using restricted 
maximum likelihood (REML) to account for the unequal number of units in each cell. Two-way 
interactions were also included in the model. Given that all winter cultivars carry allelic 
combinations for the winter growth habit at VRNH1 and VRNH2, these two genes were not 
considered in the statistical analysis. All VRNH1 alleles were pooled, because the population 
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was very unbalanced with respect to this locus (60 genotypes carried the recessive vrnH1 
allele, five possessed VRNH1-4 and five contained VRNH1-6) and inclusion of this factor meant 
that the analysis could not be performed. 
5.4. Results 
5.4.1. Distribution of PPDH2 (HvFT3) alleles among domesticated barleys 
We investigated the presence of PPDH2 in a sample of 162 barley cultivars of different 
geographic origins (Supplementary Material Table 5.S1) and 159 Spanish landrace-derived 
inbred lines from the Spanish Barley Core Collection (SBCC) (Igartua et al. 1998). Lines were 
classified according to their seasonal growth habit, on the basis of the allelic constitution at 
VRNH1 and VRNH2 (Table 5.1). To enlarge the sample, we included previously published 
results for an additional 202 barley cultivars (Faure et al. 2007; Cuesta-Marcos et al. 2010).  
Table 5.1. Distribution of PPDH2 (HvFT3) alleles in barley cultivars and 
landraces of the Spanish Barley Core Collection (SBCC) classified according to 
their growth habit. 
  PPDH2  ppdH2  
Commercial varieties   
Spring 189 17 
Faure et al. 2007 46 14 
Cuesta-Marcos et al. 2010 82 2 
Present study 61 1 
Facultative 7 11 
Cuesta-Marcos et al. 2010 3 3 
Present study 4 8 
Wintera 38 102 
Faure et al. 2007 4 36 
Cuesta-Marcos et al. 2010 4 8 
Present study 30 58 
SBCC Landraces     
Spring 8 10 
Facultative 1 0 
Wintera 127 13 
 
a
 Winter lines include genotypes that carry VRNH1-4, VRNH1-6 or the wild-type vrnH1 allele at 
VRNH1 (Hemming et al. 2009) and the dominant allele at VRNH2. 
 
The PPDH2 gene was found in most of the spring cultivars (189 out of 206), whereas the 
majority of winter cultivars (102 out of 140) possessed the recessive (null) ppdH2 allele (Table 
5.1). Facultative genotypes, which possessed a recessive allele at VRNH1 and were null for 
VRNH2, did not show such a clear genetic distinction and approximately half (seven out of 18 
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cultivars) carried the functional PPDH2 allele (Table 5.1). Strikingly, the allelic distribution 
among SBCC landraces differed from that observed in the commercial cultivars. Most of the 
winter landraces (127 out of 140) carried the functional PPDH2 allele (Table 5.1). The 140 
winter SBCC landraces all carried the dominant allele at VRNH2 and PPDH1 but possessed two 
different alleles at VRNH1. According to the terminology for VRNH1 alleles proposed by 
Hemming et al. (2009), 93 of these landraces carried VRNH1-6 and 47 carried the earlier 
flowering VRNH1-4 allele (Casao et al. 2011). PPDH2 was carried at the same frecuency among 
landraces carrying the VRNH1-6 and VRNH1-4 alleles. The wild-type recessive VRNH1 allele 
was not detected among the Spanish landraces. 
5.4.2. Cold-induced gene expression under a long-photoperiod 
Expression of the vernalization and photoperiod response genes in eight barley lines, which 
comprised four typical winter varieties and four Spanish landraces, was studied after the lines 
had been exposed to low temperature and short days (Table 5.2). All the genotypes carried 
VRNH2 and the long-photoperiod sensitive allele PPDH1, which allowed observation of 
possible interactions between these genes and the other vernalization and photoperiod genes. 
The expression profiles of vernalization and photoperiod response genes were assessed by 
qRT-PCR (Figures 5.1 and 5.2), after exposure to vernalization and short days for 15, 30 or 45 
days, followed by growth for 15 days without vernalization under long days. 
Table 5.2. Allelic configuration of genes associated with responses to vernalization and photoperiod in 
the genotypes selected for expression analysis. 
Vernalization and photoperiod genes 
Genotype VRNH1a VRNH2b VRNH3 PPDH1e PPDH2f 
   Promoterc Intron 1d   
      SNP927 Indel 1 Indel 2       
‘Plaisant’ vrnH1 VRNH2 C 139 142 TC PPDH1 ppdH2 
‘Rebelle’ vrnH1 VRNH2 C 135 146 AG PPDH1 ppdH2 
‘Arlois’ vrnH1 VRNH2 C 139 142 TC PPDH1 PPDH2 
‘Hispanic’ vrnH1 VRNH2 C 135 146 AG PPDH1 PPDH2 
SBCC106 VRNH1-6 VRNH2 C 139 142 TC PPDH1 PPDH2 
SBCC016 VRNH1-6 VRNH2 C 139 142 AG PPDH1 PPDH2 
SBCC058 VRNH1-4  VRNH2 C 139 142 TC PPDH1 PPDH2 
SBCC114 VRNH1-4 VRNH2 C 139 142 AG PPDH1 PPDH2 
 
a
 Alleles based on the size of intron 1 (Hemming et al. 2009). 
b
 Presence/absence of HvZCCT (Karsai et al. 2005). 
c
 Promoters identified previously (Casas et al. 2011). 
d
 Alleles based on two SNPs in intron 1, as reported (Yan et al. 2006). 
e
 Alleles based on SNP22 (Turner et al. 2005). 
f














































Figure 5.1. Relative expression levels of VRNH1 and VRNH2 assayed by qRT-PCR in eight barley lines, 
grown under a short photoperiod and different durations of vernalization: a) 15, b) 30 and c) 45 days. 
After vernalization, seedlings were subjected to no vernalization and a long photoperiod for 15 days. 
The results shown are normalized with respect to the level of the housekeeping gene ACTIN for each 
genotype and duration of vernalization duration. The variable of relative gene expression shown for 
each genotype and treatment is 2
ΔCT
, where ΔCT = CT Actin – CT target gene.  Error bars represent the SEM. For 
each sampling time-point, bars with the same letter are not significantly different at P<0.05 according to 
ANOVA that included all sampling time-points and genotypes per treatment. 
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Differences in expression among genotypes and treatments were found for VRNH1, VRNH2, 
VRNH3, and PPDH2. Consistent with our previous report (Casao et al. 2011), VRNH1 showed 
the highest expression level, whereas VRNH3 and PPDH2 exhibited the lowest expression level. 
Although expression data for PPDH1 were also analyzed, its expression is not shown in Figures 
5.1 and 5.2 because it was consistently high in all treatments and genotypes, and thus did not 
contribute to explain the variability of responses observed. 
In all genotypes, VRNH1 expression increased gradually with increasing duration of 
vernalization treatment, although differences in response between VRNH1 alleles were 
evident. After 15 days of cold treatment, VRNH1 expression was only detected in genotypes 
that carried the larger ~4kb deletion in intron 1 (allele VRNH1-4), namely SBCC058 and 
SBCC114 (Figure 5.1a). The level of VRNH1 expression was significantly higher in SBCC058 than 
in SBCC114 (Figure 5.1a). After vernalization for 30 days, VRNH1 expression was detected in 
five genotypes (Fig. 5.1b). VRNH1 expression was detected in all genotypes only after 45 days 
of cold treatment, (Figure 5.1c). The expression level was highest for the VRNH1-4 and VRNH1-
6 alleles (namely SBCC106 and SBCC016), and lowest for the wild-type recessive winter allele 
vrnH1, which was carried by ‘Plaisant’, ‘Rebelle’, ‘Arlois’ and ‘Hispanic’. Even though these four 
cultivars carried the same VRNH1 allele, they showed differences in VRNH1 expression (Figure 
5.1b-c). 
Although all lines carried the active VRNH2 allele, differences in its expression were observed 
(Figure 5.1a-c), and depended on the VRNH1 allele present. Of the four cultivars that carried 
the vrnH1 allele, expression of VRNH2 was much higher for ‘Plaisant’ and ‘Rebelle’ than for 
‘Arlois’ and ‘Hispanic’, with the exception of the shortest cold treatment (Figure 5.1a).  
SBCC058 showed the highest level of VRNH3 expression under all conditions (Figure 5.2a-c). 
After 15 days of vernalization, VRNH3 was detected only in SBCC058 and SBCC114 (Figure 
5.2a). VRNH3 expression was detected in SBCC106 and SBCC016 only after 30 days of cold 
treatment (Figure 5.2b). Under the experimental conditions used, VRNH3 expression was not 





Figure 5.2. Relative expression levels of VRNH3 (HvFT1) and PPDH2 (HvFT3) assayed by qRT-PCR in eight 
barley lines grown under different durations of vernalization and a short photoperiod: a) 15, b) 30 and c) 
45 days. After vernalization, seedlings were subjected to no vernalization and a long day photoperiod for 
15 days. The results shown are normalized with respect to the level of the housekeeping gene ACTIN for 
each genotype and duration of vernalization. The variable of relative gene expression shown for each 
genotype and treatment is 2
ΔCT
, where ΔCT = CT Actin – CT target gene. Error bars represent the SEM. For each 
sampling time-point, bars with the same letter are not significantly different at P<0.05 according to 
ANOVA that included all sampling time-points and genotypes per treatment. 
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Expression of PPDH2 (HvFT3) was detected in all genotypes that carried the gene, i.e. all except 
‘Plaisant’ and ‘Rebelle’, (Figure 5.2a-c). The level of PPDH2 expression increased with 
increasing duration of vernalization (Figure 5.2a-c), although the rate of increase differed 
among genotypes. After 15 days of cold treatment, only SBCC058 showed significant 
expression of PPDH2. In SBCC114, SBCC106 and SBCC016, PPDH2 expression was detected 
after 30 days of vernalization, but expression was not detected in in ‘Arlois’ and ‘Hispanic’ until 
after 45 days of cold treatment (Figure 5.2a-c). 
5.4.3. Effect of VRNH3, PPDH1 and PPDH2 and different vernalization treatments on heading 
date in winter cultivars 
To assess a possible effect of the major vernalization and photoperiod response genes on 
flowering time under natural conditions, we analyzed the time from planting to heading of 70 
winter cultivars that were exposed to five different periods of vernalization, which ranged 
from 0 to 60 days, before transplantation to the field. The list of barley lines and their genetic 
constitution for the major flowering-time genes is presented (Supplementary Material Table 
5.S2). All of the lines carried the same dominant allele at VRNH2. Given that the data were 
unbalanced for VRNH1, we only evaluated differences between the PPDH1, PPDH2 and VRNH3 
alleles, as a function of the duration of vernalization (Table 5.3).  
Table 5.3. Analysis of variance with REML of days to heading in the field after different vernalization 
treatments for 70 winter genotypes. 
Source of variation d.f. d.d.f. F statistic F pr 
PPDH1 1 133 14.03 <0.001 
PPDH2 1 133 22.07 <0.001 
VRNH3 1 133 6.68 0.011 
Vernalization Treatment 4 544 169.68 <0.001 
PPDH1 x PPDH2 1 133 0.45 0.504 
PPDH1 x VRNH3 1 133 3.07 0.082 
PPDH2 x VRNH3 1 133 0.07 0.793 
PPDH1 x Ver treatment 4 544 2.57 0.037 
PPDH2 x Ver treatment 4 544 7.88 <0.001 





All three genes showed significant effects on flowering time. On average, the sensitive allele at 
PPDH1 accelerated the onset of flowering by 4 days. Lines that carried the functional allele at 
PPDH2 flowered 6 days earlier, and genotypes that carried the TC haplotype for VRNH3 
flowered 2 days earlier. Consistent with the expectation for winter genotypes, different 
durations of vernalization had an important effect on flowering time.  
In the present analysis, a significant interaction between PPDH2 and the different cold 
treatments was detected (Figure 5.3). Exposure to cold before planting reduced the time to 
heading, although the reduction was not significant for vernalization treatments longer than 
30 days. The presence of the dominant PPDH2 allele was associated with earlier flowering in 
the plants had not been vernalized fully (0 or 15 days cold treatment; Figure 5.3).  
 
 
Figure 5.3. Days to flowering of 70 winter cultivars planted on March 25
th
, 2010 after 0, 15, 30, 45 or 60 
days of vernalization  at 3°C under a  9-h light/15-h dark photoperiod with low light intensity. Error bars 
represent the LSD (P<0.05) . 
 
We also analyzed the geographic distribution of 125 winter barley cultivars, which were 
assigned to their predicted phenotype on the basis of the presence of a complete HvFT3 gene, 
and classified into three classes according to latitude. The PPDH2 allele was predominant in 
winter cultivars from southern latitudes, whereas the proportion of cultivars with the recessive 
(null) allele ppdH2 was greater at higher latitudes (Figure 5.4). 
Adaptation of barley to mild winters: A role for PPDH2 
94 
 
Figure 5.4. Distribution of PPDH2 alleles in 125 winter barley varieties classified according to latitude of 




Heading date is a crucial trait for the adaptation of barley to different areas of cultivation and 
cropping seasons. Traditionally, cultivarss are classified into spring, facultative and winter 
types, on the basis of their flowering habit. This is an agronomic classification that is based on 
phenotypic behavior. It is a useful simplification that summarizes a more complex and diverse 
array of responses at the genetic level. Study of the genes involved in the photoperiod and 
vernalization pathways in cereals is continuously producing new information that is shedding 
light on the nature of adaptation of cultivars, and on the variety of phenotypic responses 
produced by the combination of photoperiod and vernalization genes carried by individual 
cultivars.  
5.5.1. PPDH2 is not distributed randomly in barley germplasm 
A recent study (Cockram et al. 2011) described the geographic distribution of 195 European 
landraces of barley according to multi-locus haplotypes, using information for VRNH1, VRNH2, 
PPDH1 and PPDH2. The authors suggested that the spread of cultivated barley was driven by 
the occurrence of phenotypic variation that resulted from the appearance of new multi-locus 
flowering-time haplotypes, which arose through recombination of these genes. Most forms of 
wild barley (H. vulgare ssp. spontaneum (K.Koch) Thell.) possess a winter growth habit, and the 
first domesticated strains are assumed to have been winter types as well. Mutations in VRNH1 
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allowed the expansion of cultivated barley from mid-latitudinal regions to lower and higher 
latitudes, where spring types are common (von Bothmer et al. 2003; Cockram et al. 2011; 
Saisho et al. 2011). In mid-latitudinal regions including, North Africa, southern Europe, Nepal, 
China and Japan, both spring and winter barleys types are cultivated. However, in these 
regions, the dichotomic agronomic classification is insufficient to describe the range of 
vernalization responses found, in which VRNH1 plays a central role. Allelic diversity at VRNH1 
has been described by several authors (Cockram et al. 2007; Szücs et al. 2007; Hemming et al. 
2009; Casao et al. 2011). This diversity is the result of deletions or insertions within the first 
intron of the gene, and is associated with a gradation of vernalization responses from strict 
winter to spring types. In general, the larger the deletion, the shorter the vernalization period 
required.  
Although, originally, wild barley carried the photoperiod-responsive alleles PPDH1 and PPDH2, 
mutant (insensitive) alleles of these genes originated before domestication (Cockram et al. 
2011). The appearance of the non-responsive ppdH1 allele allowed the cultivation of barley to 
spread to more northerly regions (Jones et al. 2008). Regarding PPDH2, some authors have 
already pointed out the prevalence of the dominant PPDH2 allele in spring cultivars, and its 
relative scarcity in winter cultivars (Faure et al. 2007; Cuesta-Marcos et al. 2010). In the 
present study, we examined the distribution of PPDH2 over a larger array of germplasm in a 
meta-analysis that included both cultivars analyzed in previous studies and additional cultivars 
analyzed here. Among winter types, the dominant PPDH2 allele was frequent at lower 
latitudes (<44°N) but not at higher latitudes. The dominant PPDH2 allele was also detected in a 
large set of winter landraces cultivated on the Iberian Peninsula (35-44°N). This pattern is 
remarkable, because latitudes below than 44°N include almost the entire Mediterranean 
region, in which barley is sown predominantly during autumn and to a large extent using 
winter cultivars. 
The questions that arise concern the advantages that the dominant PPDH2 allele confers to 
winter barley at lower latitudes, and the disadvantages of this allele at higher latitudes. 
Analysis of gene expression can provide indications of the role of PPDH2 and interacting genes. 
To be meaningful for the Mediterranean region, these studies must use winter genotypes. 
Previous studies of barley (Faure et al. 2007; Kikuchi et al. 2009) did not use true winter 
genotypes to evaluate the effect of PPDH2. 
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5.5.2. PPDH2 expression is mediated by the vernalization pathway in winter cultivars 
We investigated the effects of different allelic combinations of VRNH1-VRNH3 and PPDH2 in a 
fixed PPDH1 (sensitive) and VRNH2 (dominant) genetic background. The eight genotypes 
chosen carried three different VRNH1 alleles that impose a requirement for increasing 
vernalization, and three VRNH3 alleles whose effect remains uncertain. In addition, six of the 
genotypes carried the dominant PPDH2 allele and two carried the recessive (null) ppdH2 allele.  
Expression of these photoperiod and vernalization response genes shows strong interactions 
(Distelfeld et al. 2009; Greenup et al. 2009; Higgings et al. 2010). A long photoperiod induces 
VRNH2 expression (Trevaskis et al. 2006), which then represses expression of VRNH3 
(Hemming et al. 2008) and PPDH2 (Casao et al. 2011). The model accepted currently proposes 
that during autumn and winter (low temperature and short days), vernalization induces 
VRNH1 expression and the short photoperiod down-regulates VRNH2 expression (Trevaskis et 
al. 2003; 2006). Subsequently, in spring, VRNH1 is uperegulated, much more rapidly if 
vernalization was sufficient. Although the long photoperiod conditions in spring are favorable 
for VRNH2 expression, VRNH2 is repressed by the expression of VRNH1. Once the vernalization 
requirement has been satisfied, VRNH3 expression is induced by long days (Hemming et al. 
2008), after which the plants are committed irreversibly to reproductive development. 
In our expression analysis, we compared three different VRNH1 alleles and, as expected, 
differences in VRNH1 expression were associated with vernalization responses. At each time-
point examined, the expression level was lower in the four winter cultivars that carried the 
full-length intron than in the four SBCC lines that carried two different deletions. Our results 
agree with a hypothesis proposed previously (Trevaskis et al. 2006), in that vernalization did 
not block the induction of VRNH2 in response to increasing day length, which was detected 
after 15 or 30 days of cold treatment. Once VRNH1 is expressed, it can then begin to repress 
VRNH2 expression. However, the differences in responses observed among the four winter 
cultivars that carried the vrnH1 allele were unexpected. Two of these cultivars (‘Plaisant’ and 
‘Rebelle’) behaved as expected; a long period (45 days) of cold induction was needed to detect 
VRNH1 expression. Interestingly, for the other two cultivars (‘Arlois’ and ‘Hispanic’), we 
detected expression of VRNH1 after only 30 days of cold treatment, and the transcript level 
increased further after 45 days of treatment. These four cultivars carry identical, recessive 
alleles in VRNH1 and VRNH3, and dominant alleles in VRNH2 and PPDH1. It is worth noting 
that, among the genes investigated, they differ only at PPDH2. However, this difference does 
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not prove that PPDH2 polymorphism underlies the differential vernalization behavior, because 
the possibility that additional genes might be responsible cannot be ruled out.  
In a previous study, we did not detect VRNH3 expression in some of these genotypes, when 
they were grown without vernalization under long photoperiod (SBCC058 and ‘Plaisant’) or 
vernalized under a short photoperiod (SBCC058, SBCC106 and ‘Plaisant’) (Casao et al. 2011). In 
winter genotypes, a period of cold induction is required before VRNH3 expression can be 
induced by long days, as reported already for the wild-type vrnH1 winter allele (Hemming et al. 
2008). In the present study, we included cultivars that represented several recessive VRNH3 
alleles, because previously we had noted differences in heading date in the field among these 
cultivars (Casas et al. 2011). Different expression between VRNH3 alleles was detected only for 
the pair lines with the largest deletion in VRNH1 (SBCC058 and SBCC114). The TC allele showed 
higher expression than the AG allele, in the same direction as reported in a previous study 
(Casas et al. 2011). However, there was no difference in VRNH3 expression between SBCC016 
and SBCC106, which showed the same polymorphism at VRNH3 among them than SBCC114 
and SBCC058. Either the duration of the experiment was insufficient to reveal possible 
differences or other genes that are unaccounted for at present influence this pathway. 
PPDH2 was identified originally as a short-photoperiod quantitative trait locus in winter x 
spring barley crosses (Laurie et al. 1995; Cuesta-Marcos et al. 2008). This gene is a major 
determinant of heading date, and thus affects grain yield indirectly, under Mediterranean 
conditions (Cuesta-Marcos et al. 2009). Although the expression of PPDH2 is higher under 
short photoperiod, we and other authors (Kikuchi et al. 2009; Casao et al. 2011), have reported 
PPDH2 expression under a long photoperiod. Expression of PPDH2 (HvFT3) was detected at 
some time-point in all genotypes that carried the functional allele of PPDH2, irrespective of 
day length. In winter genotypes, VRNH2 must be suppressed for PPDH2 to be expressed.  
5.5.3. PPDH2 promotes flowering irrespective of photoperiod under non-inductive conditions 
An additional question concerns the nature of the role of PPDH2. PPDH2 (HvFT3) has been 
suggested to affect the promotion of flowering but its effect is indirect (Kikuchi et al. 2009). In 
this earlier study, HvFT3 expression was detected under both short and long photoperiods, and 
preceded that of VRNH3. VRNH3 expression is allegedly regulated by both major photoperiod 
response genes, PPDH1 under long days and PPDH2 under short days (Hemming et al. 2008; 
Kikuchi et al. 2009). The lines tested in the present study all carried the sensitive allele at 
PPDH1, thus it is unlikely that PPDH1 alone was responsible for any differences observed in 
this study. HvFT3 has been postulated to promote flowering by inducing the expression of 
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VRNH3, which is an integrator of the flowering pathway even under non-inductive conditions 
(Kikuchi and Handa 2009). By investigating simultaneously the expression of the flowering 
response genes, we observed that VRNH1 and PPDH2 were expressed before VRNH3 in all six 
vernalization-responsive genotypes tested. Our results agree with a comparative model 
proposed by Higgins et al. (2010). In that scheme, HvFT3 promotes VRNH1 expression under 
short-day conditions. We propose that PPDH2 has a more general role and promotes flowering 
under all non-inductive conditions, i.e. under short days or long days in plants that have not 
satisfied their vernalization requirement. 
This hypothesis is supported by the field trial observations. Heading date was distinctly earlier 
for winter genotypes that carried the dominant PPDH2 allele than for cultivars that possessed 
the recessive allele. The difference was especially marked for plants that had not been 
vernalized or had experienced only a short cold period. The 70 genotypes used might show 
some intrinsic difference in earliness per se that might account for some of the differences that 
could be attributed to PPDH2 as the main factor. However, the differences in heading that 
were caused by PPDH2 decreased gradually as the duration of vernalization increased. This 
interaction between PPDH2 and duration of vernalization treatment was quite reliable, and is 
consistent with the role for PPDH2 suggested above. Other authors (Karsai et al. 2008) have 
also reported an effect of PPDH2 on flowering time under long photoperiods, but only with the 
application of synchronous photo and thermo cycles, and when specific allelic configurations 
are present at the PPDH1 and VRNH1 loci. 
In the present study, barley cultivars with diverse growth habits were analyzed. Nowadays, 
most cultivars currently in cultivation that carry the sensitive allele at PPDH1 also carry the 
recessive (insensitive) allele in PPDH2, and the majority of cultivars that possess the insensitive 
allele in PPDH1, carry the dominant, sensitive allele at PPDH2. This pattern seems to be related 
to the growth habit of the cultivars. Most spring cultivars are insensitive to a long photoperiod 
(ppdH1), but carry the short-photoperiod response allele of PPDH2; whereas most winter 
cultivars are sensitive to long photoperiod (PPDH1) and bear the insensitive allele ppdH2. 
Winter genotypes are cultivated normally in areas, where they are exposed to sufficient 
vernalization during winter. As a consequence, these genotypes do not need to express other 
genes that promote flowering. By contrast, in spring cultivars, PPDH2 can facilitate flowering 
and ensure timely completion of such a short vital cycle. However, in winter varieties with 
lower requirement for vernalization, such as those adapted to geographical areas with 
traditionally mild winters, as exemplified by Mediterranean climates, the presence of PPDH2 
might help to induce flowering when the vernalization requirement has not been satisfied fully 
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(which is a common phenomenon under natural conditions). This could explain why the 
majority of the SBCC winter lines carry the dominant PPDH2 allele. SBCC winter lines are 
adapted to a typical mild Mediterranean winter, in which temperatures are not very low. If the 
cold period is insufficiently long to satisfy the vernalization requirement of these genotypes, 
PPDH2 could act as a compensatory mechanism to accelerate flowering and ensure it occurs at 
the optimal time, possibly before the effect of a sensitive PPDH1 is noticeable. 
Other authors have claimed the presence of the spring (dominant and sensitive) allele at 
PPDH2 is not a desirable feature for winter barley (Muñoz-Amatriaín et al. 2010; von Zitzewitz 
et al. 2011). The null, late-flowering allele would be more suitable for an autumn-sown cultivar 
because it would keep plants in the vegetative growth phase longer (Pan et al. 1994), perhaps 
through maintaining the expression of genes that confer tolerance to low temperature (Fowler 
et al. 2001). On the basis of these studies, negative agronomic effects of the dominant PPDH2 
allele should be investigated, especially in relation with freezing tolerance. However, a 
dominant PPDH2 allele could be a good option for cultivars cultivated in geographic areas 
where the vernalization requirement is less strong (such as Mediterranean environments) or 
cannot be satisfied fully.  
5.6. Conclusion 
It is crucial to study the main genes involved in the vernalization and photoperiod pathways 
simultaneously, because this enables the interactions and functions of these genes to be 
interpreted more accurately, and their involvement in the induction of flowering to be 
elucidated. 
There is a wide agreement over the central role of VRNH1 on the control of the progress of 
barley towards flowering. Nevertheless, different flowering-time responses seem to be 
modulated by the alleles present at the other vernalization and photoperiod genes VRNH2, 
VRNH3, PPDH1 and PPDH2. Of theses genes, PPDH2 might have an important role in the 
regulation of VRNH1, especially under a long photoperiod, by up-regulating VRNH1 expression 
and indirectly reducing the time to flower. 
PPDH2 has a strong effect on heading date in a wide array of winter genotypes. Genotypes 
that carry the dominant PPDH2 allele flower earlier than those that possess the insensitive 
ppdH2 allele, especially if vernalization is insufficient. Therefore, PPDH2 accelerates flowering 
under long days in plants in which the vernalization requirement has not been satisfied. The 
presence of PPDH2 in most of the winter landrace-derived lines of the SBCC indicates this 
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allele could promote adaptation to geographic areas with milder winters, such as 
Mediterranean environments.  
We also suggest the PPDH2-dependent mechanism proposed in this study could be 
complementary to the mechanism governed by PPDH1. The sensitive PPDH1 allele is typical of 
winter varieties and PPDH2 is more common in spring cultivars. Both mechanisms promote 
flowering in different environments. Furthermore, in Mediterranean environments, these two 
mechanisms could be combined to facilitate flowering in optimal conditions. 
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The VERNALIZATION1 (VRN1) gene of temperate cereals is transcriptionally activated by 
prolonged cold during winter (vernalization) to promote spring flowering. To investigate 
regulation of vernalization-induced flowering in cereals, different regions of VRN1 were fused 
to the GREEN FLUORESCENT PROTEIN (GFP) reporter and expression of the resulting gene 
constructs was assayed in transgenic barley (Hordeum vulgare L). The promoter of VRN1 was 
sufficient to drive GFP expression in the leaves and shoot apex of transgenic barley plants. 
Fluorescence increased at the shoot apex prior to inflorescence initiation and elevated 
expression was subsequently maintained in the developing inflorescence. Serial deletion 
analysis identified that a region of approximately 300 bp in the proximal promoter that is 
required for the transcription of the VRN1. This minimal region is also sufficient for low-
temperature induction of GFP expression, although other promoter regions influenced the 
low-temperature response. A VRN1::GFP fusion protein, expressed from a translational fusion 
of the promoter and transcribed regions of VRN1 to GFP, was localised to nuclei of cells at the 
shoot apex of transgenic barley plants. The distribution of VRN1::GFP at shoot apex was similar 
to the expression pattern of the VRN1 promoter-GFP reporter gene. In leaves the VRN1::GFP 
fusion protein was only active after cold treatment, suggesting that sequences downstream of 
the promoter influence the activity of VRN1 in leaves. These observations offer insights into 
the regulatory mechanisms underlying vernalization-induced flowering in cereals. 
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6.2. Introduction 
Plants growing in temperate regions time flowering to coincide with favourable seasonal 
conditions. Winter frost can damage cold sensitive reproductive organs, while heat and water 
stress during summer can reduce fertility, so in temperate regions many plants flower in spring 
when conditions are optimal. One cue that promotes spring flowering is prolonged exposure to 
cold during winter; vernalization (Chouard 1960). Vernalization-induced flowering is a feature 
of many plants, including Arabidopsis and economically important temperate cereal crops, 
such as wheat (Triticum spp.) and barley (Hordeum vulgare), although different genes mediate 
this seasonal flowering response in these distantly related angiosperms (see Trevaskis 2010).  
The VERNALIZATION1 gene (VRN1) is a central regulator of vernalization-induced flowering in 
temperate cereals (see Trevaskis et al. 2007a; Greenup et al. 2009, Distelfeld et al. 2009). 
VRN1 encodes a MADS box transcription factor that promotes flowering (Danyluk et al. 2003; 
Murai et al. 2003; Trevaskis et al. 2003; Yan et al. 2003). VRN1 is transcribed at low basal levels 
but transcript abundance increases with prolonged cold treatment (Danyluk et al. 2003; Murai 
et al. 2003; Trevaskis et al. 2003; Yan et al. 2003). The response of VRN1 expression to cold is 
quantitative, with longer cold treatments inducing higher transcript levels (Danyluk et al. 2003; 
Yan et al. 2003; von Zwitzewitz et al. 2005; Sasani et al. 2009). This parallels the degree to 
which flowering is accelerated (Sasani et al. 2009). Mutants that lack VRN1, and flanking genes, 
are unable to flower (Shitsukawa et al. 2007; Distelfeld and Dubcovsky 2010).  
Vernalization activates expression of VRN1 in the leaf and shoot apex. At the shoot apex 
expression of VRN1 promotes the transition to reproductive development (Hemming et al. 
2008; Preston and Kellog 2008; Sasani et al. 2009). Expression of VRN1 in leaves unlocks the 
long-day flowering response, allowing long daylengths to further accelerate reproductive 
development post-vernalization (Trevaskis et al. 2007a; Hemming et al. 2008). Molecular 
analyses have identified potential regulatory targets of VRN1. These include the grass/cereal 
specific transcription factors VRN2 and ODDSOC2 (Yan et al. 2004a, Trevaskis et al. 2006, 
Hemming et al. 2008, Greenup et al. 2010, 2011). 
Alleles of VRN1 that are expressed without cold treatment allow flowering without 
vernalization (Danyluk et al. 2003, Trevaskis et al. 2003, Yan et al. 2003). These “active alleles” 
have been used to breed wheats and barleys that flower without vernalization (spring types), 
which are grown where vernalization does not occur. Some active alleles of the wheat VRN1 
gene have mutations near the transcriptional start point, which might disrupt promoter 
sequences required to repress transcription prior to winter (Yan et al. 2003, 2004b; Pidal et al. 
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2009). Additionally, the first intron of VRN1 contains a broad region that is required to 
maintain repression of VRN1 prior to winter (Fu et al. 2005; von Zitzewitz et al. 2005; Cockram 
et al. 2007; Szücs et al. 2007; Hemming et al. 2009). Alleles lacking large sections of the first 
intron are actively expressed and are associated with early flowering without vernalization, 
whereas some alleles lack smaller segments of the first intron and are associated with 
moderate increases in VRN1 activity and weaker promotion of flowering (Hemming et al. 
2009). An insertion of a mobile genetic element at the 5’ end of the first intron is also 
associated with active expression of VRN1 without vernalization (Stockinger et al. 2007), so the 
repressive action of the first intron is not related simply to size. 
The state of chromatin at the VRN1 locus appears to be an important determinant of activity 
(Oliver et al. 2009). Without vernalization, the chromatin at VRN1 has high levels of the 
repressive histone modification histone 3 lysine 27 tri-methylation (H3K27Me3), which is 
typically associated with an inactive chromatin state (Oliver et al. 2009). This modification is 
found within the first intron of the VRN1 gene and at the start point of transcription, sites that 
are critical for repression (Oliver et al. 2009). The presence of H3K27Me3 at these sites might 
contribute to repression of VRN1 prior to winter (Oliver et al. 2009). 
The mechanisms that activate expression of VRN1 in response to prolonged cold are unclear. 
Although the floral repressor VRN2 is required to delay flowering prior to vernalization (Yan et 
al. 2004a), cold induction of VRN1 takes place in conditions where VRN2 is not actively 
expressed and can occur in the absence of the VRN2 gene (Trevaskis et al. 2006; Hemming et 
al. 2008; Sasani et al. 2009). So VRN2 seems unlikely to mediate cold-induction of VRN1. The 
hypothesis that the VEGETATIVE TO REPRODUCTIVE TRANSITION 2 gene is repressed by cold to 
allow increased expression of VRN1 (Kane et al. 2007) also seems unlikely, since VRT2 
expression increases at low temperatures (Trevaskis et al. 2007b). Furthermore, although VRT2 
binds to a sequence motif at the promoter of VRN1 this motif is not critical for low-
temperature induction (Pidal et al. 2009). Finally, alleles of VRN1 that lack most of the first 
intron, which are expressed at a high basal levels, are still induced by cold (Hemming et al. 
2009), suggesting that cold activation occurs independently of the repressive mechanism that 
acts at the first intron (Hemming et al. 2009). 
Studies in Arabidopsis, and other plants, have demonstrated that activation of gene expression 
by low temperatures can be mediated by cis-acting elements located in the promoters of low-
temperature responsive genes (see Thomashaw 2010). In this study, we examine whether the 
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promoter of the VRN1 gene can mediate low-temperature responsive reporter gene 
expression, using transgenic barley as a model system. 
6.3. Materials and Methods 
6.3.1. Reporter gene constructs and barley transformation. 
6.3.1.1. Construction of VRN1-reporter gene fusions 
The P
VRN1
:GFP construct was generated by sub-cloning a 2 kb SpeI-NcoI VRN1 promoter 
fragment from the Morex BAC clone 631P8 and ligating this to a GFP-nopaline synthase 
terminator cassette. The resulting promoter-reporter gene cassette was inserted into the 
pVEC8 T-DNA vector (Wang et al. 1998). Similarly, SspI-NcoI, BsrBI-NcoI and AvrII-NcoI 
fragments were used to generate promoter-GFP reporter fusions. The P
VRN1
EX1-2::GFP 
construct was generated by first amplifying the promoter, first exon and a part of the first 
intron (5’-CACACCGCTCTACTAGTTC-3’ and 5’-GGCGCGCCCTGCAGGGAGCGCCAGCTCCGCC-3’) of 
VRN1 from a winter barley (cv. ‘Sonja’). This was ligated to a second fragment from inside the 
first intron into the second exon (5’-GGCGCGCCCGATTATCAAAATGTACCA-3’ and 5’-
CCCGGGTCACTTGAAACGAGAACC-3’). The resulting fragment was ligated to the GFP-nopaline 
sythase terminator, and inserted into pVEC8. The VRN1::GFP fusion was generated by fusing 
the 3’ UTR of VRN, amplified from the Morex BAC (5’-
TTTCTAGACAGCCCATGTAAGCGTACTATTCAG-3’ and 5’-
TTACTAGTAATGGCAGGTGTTCTGTTTGTTTATG-3’), to GFP. The GFP-UTR fragment was then 
ligated to a fragment amplified from the ‘Morex’ BAC, from within the first intron to the last 
exon, minus the stop codon (5’-TTTCTAGACAGCCCATGTAAGCGTACTATTCAG-3’ and 5’-
TTACTAGTAATGGCAGGTGTTCTGTTTGTTTATG-3’), with the open reading frames of VRN1 and 
GFP in frame. Primers included compatible restriction sites to facilitate cloning. The resulting 
VRN1-GFP-UTR fragment was then ligated to the SpeI-NotI promoter fragment and the 
resulting reporter gene fusion was inserted into the pVEC8 T-DNA vector. The resulting 
VRN1::GFP fusion lacks most of the first intron (bp 2557 to 12214 relative to the ‘Strider’ VRN1 
sequence) similar to the HvVRN1-3 allele (bp 2968 to 11687). 
6.3.1.2. Barley Transformation 
Barley transformation was performed by Agrobacterium transformation of excised embryos 
(Tingay et al. 1997; Mathews et al. 2001), with cv. ‘Golden Promise’, which flowers without 
vernalization and is daylength insensitive (genotype HvVRN1-1, ΔHvVRN2, ppd-H1). Expression 
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analysis was performed with plants from the T1 generation. Plants were screened for the 
presence of transgenes using primers that amplify the hygromycin selectable marker gene (5’-
AAAAGCCTGAACTCACCGC-3’ and 5’-TCGTCCATCACAGTTTGCC-3’).  
6.3.2. Gene expression analysis 
Seeds were germinated in soil and grown in darkness in foil covered pots at 20°C or 4°C. RNA 
was extracted from seedlings with Spectrum Plant Total RNA Kit (Sigma Aldrich, www.sigma-
aldrich.com) following manufacturer’s instructions. RNA was digested with 10 units of RQ1 
RNase-free DNase (Promega, Madison, WI) for 15 min at 37°C. Total RNA (5 μg) was reverse-
transcribed with Super Script III reverse transcriptase (Invitrogen www.invitrogen.com), 
according to manufacturer instructions. qRT-PCR was performed in a Rotorgene Q real-time 
PCR cycler (Qiagen; Qiagen.com) as described previously (Greenup et al. 2010). 
The following primer sets were used for quantitative RT-PCR: HvVRN1: 5’-
GGAAACTGAAGGCGAAGGTTGA and 5’-TGGTTCTTCCTGGCTCTGATATGTT-3’, P
VRN1
:GFP 5’-
TACAACTACAACAGCCACAAC-3’ and 5’-GCTTCTCGTTGGGGTCTTTG-3’, P
VRN1
EX1-2::GFP 5’-
AGAACAAGATCAACCGCCA-3’ and 5’-ATCGCCCTCGCCCTCGCCGG-3’, VRN1::GFP 5’-
CGCAGATACCAGCAATCACCCAG-3’ and 5’-ATCGCCCTCGCCCTCGCCGG-3’. The expression of 
each gene was normalized to ACTIN using the Rotorgene software package (Qiagen, 
www.qiagen.com), which takes amplification efficiency of each primer set into account for 
quantification calculations. ACTIN primers have been described previously (Trevaskis et al. 
2006). All data presented are the average of mRNA levels from three biological repeats with 
error bars representing the standard error of the mean. 
6.3.3. Rapid Amplification of cDNA ends (RACE) 
5’RACE was carried out with the FirstChoice RLM-RACE kit from Ambion (Ambion; 
www.invitrogen.com/ambion) following manufacturer’s instructions with total RNA from 
‘Golden Promise’ seedlings grown under control conditions or ‘Golden Promise’ seedlings 
grown to an identical stage of development at 4°C (28 days). Nested PCR was performed with 
the 5’RACE Outer Primer provided by the kit and the gene specific VRN1-R Outer primer (5’-
GCATTCGTGCATAAGTTGGTTC-3’) and for the Inner 5’ RLM-RACE PCR we used the 5’RACE Inner 
Primer and the gene specific VRN1-R Inner primer (5’-TATTGTCTCAACCTTCGCCTTC-3’). PCR 
products were sequenced after ethanol precipitation. 
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6.3.4. Confocal microscopy 
Barley apices and leaf primordia were dissected under a binocular dissecting microscope and 
mounted in water. The plant material was then observed in Leica SP2 confocal laser scanning 
microscope (Leica Microsystems, Sydney, Australia) equipped with a standard Ar 488 laser 
excitation. Excitation was at 488 nm, and emission was collected between 500 and 550 nm. 
Chlorophyll autofluorescence was collected between 650 and 720 nm. 
6.4. Results 
6.4.1. A VRN1 promoter reporter gene fusion is expressed in the leaves and shoot apex of 
transgenic barley plants. 
A 2 kb fragment from the promoter of the barley (Hordeum vulgare L) VERNALIZATION1 gene 
(referred to hereafter as VRN1) was fused to the GFP reporter gene (Figure 6.1a) and the 
resulting construct (P
VRN1
:GFP) was transformed into barley (cv. ‘Golden Promise’). 
 
Figure 6.1. Schematic representation of VRN1 reporter gene constructs. (a) A 2.0 kb fragment (SpeI-
NcoI) from the VRN1 promoter was fused to the GFP reporter gene with the NOPALINE SYNTHASE (NOS) 
terminator sequence to generate the P
VRN1
:GFP construct. (b) The P
VRN1
EX1-2:GFP construct was 
generated by fusing the same promoter region to exon 1 and exon 2 of VRN1 (EX1 and EX2), separated 
by a small region of intron 1, followed by the GFP-NOS cassette. Scale indicates base pairs from the 
translational start of MADS box open reading frame, indicated as negative relative to the coding regions 
of the VRN1 locus. Arrow indicates transcriptional start site. 
 
GFP activity was detected in the shoot apex and leaves of transgenic barley plants that carry 
the P
VRN1
:GFP construct (Figure 6.2). GFP fluorescence increased at the shoot apex at the late 
vegetative stage (Figure 6.2b) and remained active throughout the shoot apex during 
reproductive development, although expression was lower in the developing florets than in 










Figure 6.2. GFP fluorescence in the leaves and shoot apex of transgenic plants with the P
VRN1
:GFP 
construct. (a) GFP fluorescence in the vegetative shoot apex of 12 day old transgenic plants carrying the 
P
VRN1
:GFP construct. (b) The shoot apex at the late vegetative stage of 18 day old plants. (c,d) Shoot 
apices at different stages of reproductive development. (e,f) Fluorescence in the cytoplasm of cells in 
the developing leaves of 18 day old plants. AM indicates the apical meristem, FL indicates the 
developing florets, GL indicates glume primordia. 
 
6.4.2. The promoter of VRN1 is sufficient to mediate cold induction of the GFP reporter gene. 
The levels of GFP transcript generated from the P
VRN1
:GFP construct were assayed by 
quantitative reverse transcriptase PCR (qRT-PCR) in transgenic seedlings exposed to prolonged 
cold treatment (28 days at 4°C). Expression was assayed in three independent transgenic lines. 
Transcript levels were higher in seedlings at low temperatures than in control seedlings grown 
to an identical stage of development at normal temperatures (4 days at 20°C) (Figure 6.3a). 
The degree of induction by cold varied between 1.5 to 4 fold, depending on the transgenic line 
assayed. By comparison, the endogenous VRN1 gene is induced to a similar expression level by 
the same cold treatment, but has a lower basal expression at normal growth temperatures 
(Supplementary Material Figure 6.S1). 
(a) (b) (d)(c)
(e) (f)
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50 µm 25 µm
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Figure 6.3. Expression of the P
VRN1
:GFP construct in control versus cold treated seedlings. (a) GFP 
transcript levels in transgenic seedlings carrying the P
VRN1
:GFP construct. Expression was assayed by qRT-
PCR in control seedlings, germinated at normal glasshouse temperatures (20°C for 5 days), and 
compared to seedlings germinated and grown to an identical stage of development at low temperatures 
(4°C for 28 days). Expression levels were assayed in three independent transgenic lines. Expression is 
shown relative to ACTIN. (b) Expression of the P
VRN1
EX1-2::GFP, assayed as outlined above, in three 
independent transgenic lines. Error bars show standard error of 3 biological replicates. * indicates 
P<0.05. 
 
A second reporter gene fusion was constructed by fusing the same 2 kb region of the VRN1 
promoter to the GFP reporter gene, with the addition of the first and second exons, separated 
by a small segment of the first intron (P
VRN1
EX1-2::GFP, Figure 6.1b). The spliced version of this 
translational fusion construct was expressed in transgenic barley plants, although no GFP 
fluorescence was detected, possibly due to poor translation or instability of the fusion protein 
produced. Levels of the spliced P
VRN1
EX1-2::GFP transcript increased in response to prolonged 
cold treatment (Figure 6.3b), similar to the P
VRN1
:GFP construct. 
6.4.3. Serial deletion of the VRN1 promoter identifies putative cis-acting regulatory regions. 
Smaller segments of the VRN1 promoter were fused to GFP and the resulting constructs were 
transformed into barley (Figure 6.4a). Inclusion of 1.2 kb of sequence from upstream of the 
VRN1 translational start site was sufficient for transcriptional activity (Figure 6.4b). This region 
was also sufficient for cold induction of GFP expression in transgenic barley seedlings, with 
similar results observed in three independent transgenic lines (Figure 6.4b). Constructs with 
the 0.8 kb or 0.5 upstream of the translational start site were also actively transcribed (Figure 
6.4c, d). The 0.8 kb promoter region was sufficient for cold activation of GFP in only one of 
three independent transgenic lines (Figure 6.4c), whereas cold induction of GFP did not occur 



































































Figure 6.4. Serial deletion of the VRN1 promoter in the P
VRN1
:GFP construct. (a) Schematic 
representation of VRN1 promoter deletion constructs, generated by fusing sequentially smaller 
restriction fragments from the VRN1 promoter (SspI-NcoI, BsrBI-NcoI or AvrII-NcoI) to the GFP-NOS 
cassette. (b) GFP transcript levels in transgenic seedlings carrying the 1.2 kb-P
VRN1
:GFP construct. 
Expression was assayed by qRT-PCR in control seedlings, germinated at normal glasshouse temperatures 
(20°C for 5 days), and compared to seedlings germinated and grown to an identical stage of 
development at low temperatures (4°C for 28 days). Expression levels were assayed in 3 independent 
transgenic lines. (c) GFP transcript levels in transgenic seedlings carrying the 0.8 kb-P
VRN1
:GFP construct, 
assayed as outlined above. Expression is shown relative to ACTIN. (d) GFP transcript levels in transgenic 
seedlings carrying the 0.5 kb-P
VRN1
:GFP construct, assayed as outlined above. Error bars show standard 
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A second series of promoter deletion constructs was generated using the P
VRN1
EX1-2::GFP 
construct (Figure 6.5a). The promoter region 1 kb upstream of the transcriptional start site, 
with the first and second exons, was sufficient to drive expression of GFP (Figure 6.5b). This 
region was also sufficient for cold induction of the GFP reporter gene in two independent 
transgenic lines, with a similar trend seen in a third. The 0.5 kb region upstream of the 
translational start site was sufficient for transcriptional activity, but cold activation was 
observed in only one of three independent transgenic lines (Figure 6.5c). The 0.3 kb upstream 
from the translational start site, with the first and second exons, was sufficient to drive 
expression of GFP (Figure 6.5d). Additionally, expression of the GFP fusion was induced by cold 
in two of three independent transgenic lines carrying this construct (Figure 6.5d). A construct 
that fused the 0.1 kb of promoter sequence upstream of the VRN1 translational start to GFP 
site was less active than the other constructs (by 10-50 fold, Figure 6.5e), although a low level 
of the properly spliced transcript was detected. Expression of the construct remained low with 
prolonged cold treatment, with similar results obtained from three independent transgenic 
lines (Figure 6.5e). 
6.4.4. Cellular and tissue localisation of a VRN1::GFP translational fusion in transgenic barley 
The VRN1 gene, the promoter and transcribed regions (minus the majority of the large first 
intron), was translationally fused to the GFP reporter gene followed by the 3’ UTR of the VRN1 
gene. The resulting VRN1::GFP construct was transformed into barley (Figure 6.6a). Weak GFP 
fluorescence signal was detected in the shoot apex of 7 day-old barley plants carrying this 
construct (Figure 6.6b), but strong fluorescence was observed in the nuclei of cells in the 
reproductive shoot apex (Figure 6.6c). The nuclear VRN1::GFP fluorescence increased during 
vegetative shoot apex development and was higher in the pre-double ridge and double ridge 
apices than in the early vegetative shoot apex (Figure 6.6d-g). At later stages of development, 
the VRN1::GFP signal was detected throughout the shoot apex, although expression was lower 
in the developing florets than in other parts of the inflorescence, similar to the P
VRN1
:GFP 
construct (Figure 6.6h). VRN1::GFP transcript levels increased in seedlings during prolonged 
cold treatment, although induction was weaker than that observed in the P
VRN1
:GFP lines 
(Supplementary Material Figure 6.S2).  
Despite the weak transcriptional response, strong cold activation of VRN1::GFP fluorescence 










Figure 6.5. Serial deletion of the VRN1 promoter in the P
VRN1
EX1-2::GFP construct. (a) Schematic 
representation of P
VRN1
EX1-2::GFP promoter deletion constructs, with sequentially smaller restriction 
fragments from the VRN1 promoter (BssH1, AvrII, PstI or NcoI sites). (b) Transcript levels for the 
VRN1EX1-2::GFP fusion in transgenic seedlings carrying the 1.0 kb-P
VRN1
EX1-2::GFP construct. Expression 
was assayed by qRT-PCR in control seedlings, germinated at normal glasshouse temperatures (20°C for 5 
days), and compared to seedlings germinated and grown to an identical stage of development at low 
temperatures (4°C for 28 days). Expression levels were assayed in three independent transgenic lines. 
(c) Transcript levels for the fusion in transgenic seedlings carrying the 0.5 kb- P
VRN1
EX1-2::GFP construct, 
assayed as outlined above. (d) VRN1:GFP transcript levels in transgenic seedlings carrying the 0.3 kb- 
P
VRN1
EX1-2::GFP construct, assayed as outlined above. (e) VRN1:GFP transcript levels in transgenic 
seedlings carrying the 0.1 kb- P
VRN1
EX1-2::GFP construct, assayed as outlined above. Expression is shown 
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Figure 6.6. Activity of a VRN1::GFP fusion protein in transgenic barley plants. (a) Schematic 
representation of a VRN1::GFP fusion construct that fuses the entire VRN1 gene, minus most of the first 
intron, to the GFP reporter gene followed by the 3’ UTR and terminator sequence of the VRN1 gene. (b) 
Low signal from the VRN1::GFP fusion in the vegetative shoot apical meristem (M) and developing leaf 
(L) of 7 day old seedlings. (c) Nuclear localisation of the VRN1::GFP fusion protein in the meristem of a 
reproductive shoot apex. (d-h) Time course of shoot apex development showing vegetative shoot apices 
(d,e), a shoot apex at the transition to reproductive development (f), indicated by double ridges (DR), 
and reproductive shoot apices (g,h). AM indicates the apical meristem, FL indicates the developing 
florets, GL indicates glume primordia. Images d-h were taken on identical settings to allow direct 




Figure 6.7. Activity of a VRN1::GFP fusion protein in the developing leaves of transgenic barley plants. 
(a) Low signal from the VRN1::GFP fusion in the developing leaves of plants grown at normal glasshouse 
temperatures. (b) Nuclear localisation of the VRN1::GFP fusion protein in cells within the developing 
leaves from seedlings germinated and grown at low temperatures to an identical stage of development. 







6.4.5. Cold response motifs and a small upstream open reading frame are found in the 
promoter and 5’ untranslated region of the VERNALIZATION1 gene 
The promoter of VRN1 was scanned for potential cis-acting elements, by searching for 
sequence motifs similar to known transcription factor binding sites. This identified putative 
binding sites for C-REPEAT BINDING FACTOR (CBF) and INDUCER OF CBF1 (ICE1) transcription 
factors within the 2 kb of sequence upstream of the predicted translational start site at the 
VRN1 gene (Figure 6.8a, Supplementary Material Figure 6.S3). These transcription factors have 
been shown to activate the expression of cold-responsive genes in Arabidopsis, and other 
plants (see Thomashaw 2010). Binding sites for B-ZIP and ethylene responsive transcription 
factors were also identified. 
 
Figure 6.8. Potential regulatory motifs at the promoter of the VRN1 locus. (a) Schematic representation 
of potential transcription factor binding sites at the promoter of VRN1. ERE indicates potential ethylene 
response element (GCCGCC), CRT/DRE: C-repeat transcription factor binding site (CCGAC), MYC: MYC 
transcription factor binding site (CANNTG), B-ZIP: B-ZIP transcription factor binding site (ACGT), VRN 
Box: indicates the position of the putative vernalization regulatory motif suggested by Pidal et al. (2009). 
uORF denotes the position of the small upstream open reading frame. Scale indicates bp from 
transcriptional start site, which is indicated by an arrow. Restriction sites used for promoter constructs 
are indicated by vertical dotted lines and enzyme names. Shaded bars indicate sub-regions of the 
promoter. Region I from -2000 to -1000 bp, together with regions I-III, allows consistent low-
temperature induction amongst independent transgenic lines. Region II from -1000-300 bp and Region 
III, are sufficient for basal expression and allow cold induction in some independent transgenic lines. 
Region IV is insufficient for basal expression. (b) Alignment of the predicted amino acid sequences of 
upstream open reading frame from the 5’ untranslated regions of VRN1 genes from temperate cereals 
(wheat, rye, barley, oats), temperate grasses (Lolium, Festuca, Brachypodium) and VRN1 orthologues 
from warm climate cereals (rice and maize). Scale indicates amino acid residues from initiation codon.  
 
Another potential regulatory element identified at the VRN1 locus is a small open reading 
frame (uORF) encoding 13 amino acids (MAPPPRLRPRLSE) in the predicted 5’ leader sequence 
of the VRN1 mRNA (Figure 6.8a, b). As predicted, the uORF is found in the 5’ end of VRN1 
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of cDNA ends) (Supplementary Material Figure 6.S3). The presence of a proline rich small open 
reading is a conserved feature of the VRN1 genes of barley and wheat. uORFS are also a 
feature of VRN1-like genes from other cereals and grasses, upstream of the main open reading 
that encodes the AP1/FRUITFULL-like MADS box transcription factor (Figure 6.8b). 
6.5. Discussion 
We have mapped cis-acting regions that control transcriptional activity of the VRN1 gene of 
barley. The 2 kb of sequence upstream of the primary translational start site is sufficient to 
drive expression of the GFP reporter gene in the shoot apex and leaves, tissues where VRN1 
expression has been detected using quantitative RT-PCR (Yan et al. 2003, Preston and Kellog 
2008, Sasani et al. 2009). The distribution of P
VRN1
:GFP expression observed in shoot apices and 
leaves of barley is similar to expression pattern of the VRN1 gene of wheat (T. aestivum, T. 
monococcum) and oats (Aventa sativa) detected by in situ hybridisation (Kane et al. 2007, 
Preston and Kellog 2008). At later stages of barley inflorescence development, the expression 
pattern of the P
VRN1
:GFP construct is consistent with the results of in situ hybridisation analysis 
of VRN1 expression, which show expression of VRN1 in meristems and organ primordia of the 
developing barley spike (Schmitz et al. 2000) (Figure 6.2d, Figure 6.6g, h). 
Expression of the P
VRN1
:GFP and VRN1::GFP reporter genes increased at the shoot apex shortly 
before the transition to reproductive development (inflorescence initiation). This is consistent 
with the observation that VRN1 transcript levels increase at the shoot apex of this barley 
cultivar prior to inflorescence initiation, when assayed by quantitative RT-PCR (Trevaskis et al. 
2007b). Similarly, when the promoter of the maize (Zea mays) orthologue of VRN1 (ZmMADS4) 
was fused to the β-GLUCURONIDASE reporter gene an increase in reporter activity occurs at 
the equivalent stage of development in transgenic maize plants (Danilevskaya et al. 2008). This 
expression pattern was confirmed by in situ hybridisation (Danilevskaya et al. 2008). Thus, the 
expression patterns of the VRN1 promoter reporter genes used in this study are similar to the 
expression pattern of the endogenous VRN1 gene in a range of cereals. 
The increase in VRN1 expression prior to inflorescence initiation and the distribution of VRN1 
expression in the developing inflorescence are consistent with a role for VRN1 in promoting 
inflorescence meristem or organ identity. The lower VRN1 activity seen in the developing 
florets (Figure 6.6h), suggests that less VRN1 activity is required for the differentiation of floral 
organs. Other VRN1-like genes, BM3 and BM8, might contribute to the development of these 
organs, compensating for lower VRN1 activity (Schmitz et al. 2000). 
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Serial deletion of the VRN1 promoter identified a minimal region (0.3 kb) that is required for 
basal reporter gene expression. This region was also sufficient for cold induction of GFP 
expression, although the cold response of this minimal construct was less consistent amongst 
three independent transgenic lines than constructs with larger segments of the promoter. 
Similarly, reporter gene constructs with 0.5 kb of promoter sequence also showed an 
inconsistent cold response amongst three independent transgenic lines, with cold induction 
occurring only in one line transformed with the construct that included exon sequences 
(comparable with the 0.3 kb construct) and not in any of three lines with the construct that 
included only promoter sequence (Figure 6.4d, 6.5c). The region between 0.5 and 0.3 kb might 
contain binding sites for transcription factors (or other sequences) that inhibit low-
temperature induction of VRN1 (Figure 6.8a). Constructs with longer promoter sequences 
showed a more consistent low-temperature response. The region from -1 to -2 kb appears to 
stabilise low-temperature induction, such that low-temperature induction occurs more 
consistently amongst independent transgenic lines. Inclusion of this region of the promoter 
might counteract the effects of insertion site or local chromatin context, which vary between 
independent transgenic lines. Similarly, inclusion of exon 1 and 2 might insulate constructs 
against insertion site effects. This might explain why the 0.5 kb region was sufficient for cold 
induction in one line, whereas the promoter sequence alone was not (Figure 6.4d versus 6.5c).  
Since the promoter of VRN1 is sufficient to mediate a transcriptional response to cold, a key 
question is what mechanisms act at the promoter to mediate cold induction? The barley 
cultivar used in this study lacks VRN2, ruling out involvement of this gene. Similarly, the first 
intron is not present in the P
VRN1
:GFP reporter gene fusion, which is low-temperature 
responsive (Figure 6.4b), consistent with previous suggestions that the intron is not critical for 
cold induction (Trevaskis et al. 2007b, Hemming et al. 2009). The minimal 0.3 kb region of 
VRN1 promoter contains the putative VRN box, a region mutated in some active VRN1 alleles 
of wheat (Pidal et al. 2009). Binding of a temperature-responsive transcription factor to the 
VRN box might limit transcription of VRN1 at normal growth temperatures but allow 
expression when plants are exposed to cold. Thus, mutations at the VRN box would disrupt 
binding of this transcription factor and allow expression irrespective of temperature. 
Alternatively, the close proximity of this region to the transcriptional start site might suggest a 
role for nucleosome positioning or composition in mediating low-temperature responsive 
expression at the VRN1 locus; nucleosome composition at the transcriptional start site plays a 
role in high-temperature induced gene expression in plants (Kumar and Wigge 2010). If this is 
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the case, the increased VRN1 expression associated with the mutations in the VRN box might 
arise from altered nucleosome positioning or a shift of the transcriptional start. 
The promoter of VRN1 also contains sequence motifs that might be targeted by low-
temperature responsive transcription factors, including putative CBF and myc recognition sites 
(Figure 6.8). Binding of low-temperature responsive transcription factors, such as CBFs or the 
myc INDUCER OF CBF EXPRESSION1 (ICE1), to these putative binding sites might play a role in 
inducing expression of VRN1 during vernalization. Multiple CBF binding sites occur in the 
promoter region from -1 to -2 kb, another plausible explanation for why this region is required 
for consistent low-temperature induction in independent transgenic lines. The promoter of the 
barley VRN1 gene also contains binding sites for B-ZIP transcription factors that might mediate 




:GFP construct is expressed in developing leaves, expression of VRN1::GFP, 
which has the same promoter sequence, showed strong activity only in cold treated leaves. 
One possible explanation for this is that VRN1 is subject to temperature dependent post-
transcriptional regulation in leaves, mediated by sequences downstream of the promoter. 
Small uORFs regulate translational initiation in other organisms, such as fungi (Hood et al. 
2009). The uORF in the 5’ leader sequence of VRN1, which is present in the VRN1::GFP 
construct, might limit translation of the main open reading frame (MADS box transcription 
factor) of the VRN1 transcript in leaves at normal growth temperatures. The uORF is conserved 
in temperate cereals, and is present in related grasses (Figure 6.8b). In some early flowering 
accessions of the wild wheat Triticum timopheevi the uORF is deleted, possibly contributing to 
natural variation in flowering behaviour of this wild wheat (Supplementary Material Figure 
6.S4). Alternatively, there are other regulatory mechanisms that could be located down-stream 
of the promoter to limit the activity of VRN1 in leaves, such as microRNA target sites for 




Figure 6.9. A hypothetical model for transcriptional and translation regulation of VRN1. Prior to winter 
chromatin at the VRN1 locus is maintained in an inactive state by histone modifications deposited by a 
plant Polycomb Repressor Complex 2 (PRC2), resulting in low transcript levels. Inhibition of translation 
potentially further limits VRN1 activity. When plants are exposed to prolonged cold (snowflake) the 
promoter of VRN1 becomes active, leading to increased transcription and higher steady state transcript 
levels. This triggers a change in the state of chromatin at the VRN1 locus, with a shift towards an active 
state, and potentially increases translation of the VRN1 message. 
 
We suggest that the vernalization response of cereals depends on two antagonistic regulatory 
mechanisms that control transcriptional activity of VRN1; low-temperature induced activation 
of transcription by the promoter, counteracted by constitutive repression through the gene 
body (Figure 6.9). Additionally, based on the presence of a small open reading frame in the 
untranslated leader sequence of the VRN1 transcript, we suggest that post-transcriptional 
regulation of VRN1 activity might be a feature of vernalization response in cereals. 
6.6. Conclusion 
Here we have shown that the promoter of VRN1, a gene that plays a central role in triggering 
vernalization-induced flowering in cereals, is sufficient to mediate low-temperature responsive 
expression. Understanding the mechanisms that act at the promoter of VRN1 to mediate low-
temperature induction of this central regulator of flowering can provide further insights into 
how vernalization induces spring flowering of economically important cereal crops.  
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Capítulo 7. Discusión General 
7.1. Análisis de los principales genes que regulan el desarrollo de la cebada en respuesta a 
estímulos ambientales 
Los experimentos planteados en esta tesis doctoral tienen como objetivo primordial el estudio 
del control genético de la fecha de floración de la cebada en respuesta a señales ambientales. 
Los genes VRNH1, VRNH2 y VRNH3, que intervienen en el fenómeno conocido como 
“vernalización” (inducción del desarrollo por exposición a temperaturas bajas), y los genes de 
respuesta al fotoperiodo, PPDH1 y PPDH2, son los responsables fundamentales de la 
regulación genética de la floración. Los distintos experimentos han pretendido investigar la 
diversidad alélica de estos genes, su función, su regulación y las interacciones entre ellos, así 
como el efecto que las diferentes combinaciones alélicas de estos genes, tienen sobre la fecha 
de floración y sobre su propia expresión. Además, parte de los resultados aportados en esta 
tesis, arrojan luz sobre las bases genéticas y moleculares que han determinado la adaptación 
de la cebada a regiones específicas, como el sur de Europa. 
Los tres primeros experimentos se han centrado en la exploración del fondo genético que 
explica las diferencias funcionales y de expresión de varios alelos de los genes citados, 
poniéndolas en la perspectiva de su importancia adaptativa. Para ello, se emplearon 
variedades comerciales de referencia y material vegetal perteneciente a la Colección Nuclear 
de Cebadas Españolas (CNCE, o SBCC, en sus siglas en inglés) (Igartua et al. 1998; Lasa et al. 
2001; Yahiaoui et al. 2008). Concretamente, el material vegetal de la CNCE usado para los 
estudios se compone de varias líneas puras procedentes de variedades tradicionales locales 
(landraces), que habían sido cultivadas durante mucho tiempo en la península ibérica. En 
consecuencia, estas cebadas españolas son el resultado de un largo proceso de adaptación a 
un área concreta, la península ibérica y a unas condiciones ambientales específicas. Estas 
condiciones engloban distintos tipos de climas mediterráneos, todos ellos con la característica 
de presentar inviernos más suaves que la mayor parte de la Europa continental. Este material 
español muestra composiciones alélicas distintivas en los genes de floración, y tiene 
comportamientos fenotípicos de posible valor adaptativo, como un requerimiento de 
vernalización más reducido, comparado con los cultivares estándar de invierno. 
En esta tesis, se ha abordado el estudio de estos genes desde diferentes perspectivas. En 
primer lugar, se redujo la necesidad de vernalización mediante la generación de líneas cuasi-
isogénicas en una variedad élite, obtenidas por la introgresión de un alelo de VRNH1 con un 
requerimiento intermedio de vernalización. Este objetivo se consiguió según lo planeado, con 
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unas conclusiones adicionales muy interesantes en cuanto a la localización de los genes de 
tolerancia a heladas (Capítulo 3). Asimismo, se analizó simultáneamente la expresión de los 
cinco genes mayores de floración en distintas condiciones de temperatura y fotoperiodo 
(Capítulo 4). En este caso, la conjunción de un material vegetal apropiado con el estudio 
conjunto de expresión permitió descubrir aspectos nuevos de las rutas de la vernalización y del 
fotoperiodo. Posteriormente, se examinó la expresión de diferentes combinaciones alélicas de 
VRNH1, VRNH3 (HvFT1) y PPDH2 (HvFT3) presentes en variedades tradicionales de la CNCE y 
en variedades de referencia, así como el efecto de estas combinaciones sobre la expresión de 
los otros genes de respuesta a vernalización y fotoperiodo, en relación a la duración del 
tratamiento de vernalización (Capítulo 5). Este estudio se realizó para verificar hipótesis 
nuevas sobre el funcionamiento y las interacciones de estos genes, que surgieron del capítulo 
anterior. Por último, se analizó el promotor del gen VRNH1 para estudiar la regulación de su 
expresión en respuesta a frío y determinar qué regiones del promotor pueden ser causantes 
de su expresión y/o represión en determinadas condiciones de temperatura (Capítulo 6). 
Los resultados obtenidos en la tesis confirman buena parte de las teorías actuales, pero 
también arrojan luz sobre algún punto polémico (como el sentido de la interacción VRNH1-
VRNH2), y ofrecen nuevos datos que permiten avanzar en el conocimiento de la arquitectura 
de las rutas de promoción de la floración en cereales.  
A continuación se presenta una discusión detallada de los principales hallazgos encontrados 
para los genes de floración mencionados.  
7.1.1. VRNH1 (HvBM5A) 
Se ha puesto de manifiesto, que la serie alélica de VRNH1, presenta un gradiente de respuestas 
fenotípicas, que están correlacionadas con la necesidad de frío y la expresión del gen. Esta 
expresión se produce en cuanto se cumple un periodo de exposición a temperaturas bajas. La 
duración de ese periodo de frío varía (de 0 a varias semanas) para cada alelo de VRNH1, de 
acuerdo con la conformación del gen en su primer intrón y en el promotor (von Zitzewitz et al. 
2005; Cockram et al. 2007; Szűcs et al. 2007; Hemming et al. 2009). Hay una correspondencia 
excelente entre la gradación de respuestas fenotípicas en cámara de crecimiento, la expresión 
en condiciones controladas, y lo que se conoce previamente sobre la distribución de los alelos 
de VRNH1 en las variedades de cebada según su hábito de crecimiento (invierno y primavera). 
En conclusión, este gen podría ser uno de los principales determinantes de la adaptación de la 
cebada a las condiciones invernales de cada zona. Los principales descubrimientos de este 
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trabajo en cuanto a este gen se pueden dividir en los concernientes al primer intrón y al 
promotor. 
7.1.1.1. Intrón 1 
De acuerdo a los estudios de Takahashi y Yasuda (1971) en cebada, el hábito de crecimiento de 
primavera es el resultado de la interacción de tres genes, VRN1, vrn2 y VRN3 (dos dominantes 
y uno recesivo), mientras que sólo un haplotipo (vrn1, VRN2, vrn3) presentará un hábito 
invernal. En ese modelo se describió una interacción entre los genes VRN1 y VRN2, donde el 
alelo dominante de VRN2 reprimía al alelo recesivo de vrn1, que fue verificada por Tranquilli y 
Dubcovsky (2000). El sistema genético que determina el hábito de crecimiento está 
conservado en trigo y cebada, y los genes de respuesta a vernalización en estas especies son 
ortólogos (Danyluk et al. 2003; Trevaskis et al. 2003; Yan et al. 2003, 2004, 2006). Según el 
modelo planteado, VRN2 era un represor de VRN1, por interacción con el promotor (Yan et al. 
2004; Pidal et al. 2009) o primer intrón (Fu et al. 2005; von Zitzewitz et al. 2005) de VRN1. 
Revisaremos la situación actual del modelo de interacción entre estos dos genes en el 
apartado sobre VRNH2. Al identificarse estos genes en cereales, se vio que había diferencias en 
el tamaño del primer intrón de VRN1 (Fu et al. 2005; Cockram et al. 2007; Szűcs et al. 2007; 
Hemming et al. 2009). En general, las variedades con un intrón completo, o casi, presentan 
hábito de crecimiento de invierno, con un requerimiento de vernalización casi estricto, 
mientras que distintas inserciones o deleciones en ese intrón confieren hábito más o menos 
primaveral. Este modelo llevó a predecir que existía una zona en el intrón que era necesaria 
para que se diera la represión de VRN2, “vernalization critical region” (von Zitzewitz et al. 
2005; Li y Dubcovsky 2008), pero no se pudo probar que hubiera interacción entre la proteína 
de VRN2 y el gen VRN1 (Kane et al. 2007). Al identificarse más alelos de VRN1, se vio que era 
difícil determinar esa zona y que, de hecho, había un gradiente de respuestas a vernalización 
(Szűcs et al. 2007; Hemming et al. 2009), que abarca desde variedades de primavera, donde el 
gen presenta un nivel de expresión basal muy elevado, hasta variedades de invierno, que 
necesitan un periodo largo de exposición a frio para poder detectar expresión de VRN1. 
Nuestros resultados ponen claramente de manifiesto que los dos alelos de VRNH1 más 
estudiados en este trabajo, VRNH1-4 y VRNH1-6, que se encuentran en gran proporción en las 
variedades tradicionales españolas, presentan valores intermedios de fecha de floración y 
expresión de VRNH1, entre los extremos de primavera e invierno. Esta tesis demuestra que la 
diversidad funcional que aporta VRN1 va más allá de la visión dicotómica invierno-primavera, 
admitida generalmente por la mayoría de los trabajos publicados hasta ahora. 
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Todos los alelos de VRN1 responden, en principio, a un tratamiento frio, aumentando la 
expresión de este gen, tanto en genotipos de primavera como de invierno. En función del 
tamaño del primer intrón, se necesita más o menos frío para detectar un aumento en el nivel 
de expresión de VRN1. Los alelos de primavera presentan un nivel basal elevado, lo que 
conduce a una floración rápida (Trevaskis et al. 2006; Sasani et al. 2009). Los resultados 
obtenidos por Oliver et al. (2009) han aportando nuevos datos sobre la activación de VRNH1 
en cebada, por el frío. Estos autores demostraron que, al igual que ocurre en el gen FLC de 
Arabidopsis, en la cebada tiene lugar una metilación diferencial de la cromatina del gen 
VRNH1, especialmente en algunas regiones del intrón 1. Estos cambios epigenéticos hacen que 
en una variedad de invierno, antes de la vernalización, el gen se mantenga reprimido y no se 
exprese y que tras un tratamiento frío, se produzcan cambios en la metilación de histonas, 
variando la conformación de la cromatina, y permitiendo que el gen VRNH1 se exprese.  
Los resultados de esta tesis han puesto de manifiesto que los alelos VRNH1-4 y VRNH1-6 
representan tipos intermedios, con un cierto requerimiento de vernalización pero menor que 
el de las variedades de invierno (Capitulo 4). La introgresión del alelo VRNH1-4 en una variedad 
de invierno condujo a un adelanto en la fecha de floración, y a un menor requerimiento de 
vernalización, sin llegar a eliminar la tolerancia a frio de esos materiales (Capitulo 3). El nivel de 
expresión de estos alelos es también intermedio (Capítulos 4 y 5) y su expresión aumenta 
después de un tratamiento a temperaturas bajas.  
Todo esto nos lleva a concluir que, a diferencia de lo que otros autores han propuesto 
(Cockram et al. 2007; Szücs et al. 2007), los alelos de VRNH1 presentes en las líneas de cebada 
españolas tienen requerimientos de vernalización y un comportamiento en floración 
intermedios, entre los de las variedades típicas de invierno y de primavera, pero no se pueden 
considerar de hábito primaveral.  
7.1.1.2. Promotor 
El primer intrón no parece ser el único causante de la inducción de VRNH1 en respuesta a bajas 
temperaturas en cebada, sino que el promotor de VRNH1 también interviene en la expresión 
de este gen. El estudio comparativo de las distintas longitudes del intrón 1 realizado por 
Hemming et al. (2009) trató de determinar la zona crítica responsable de la regulación del 
requerimiento de vernalización. La falta de correspondencia entre el comportamiento 
fenotípico (floración en condiciones de fotoperiodo largo, sin tratamiento frio previo) y los 
distintos tamaños del primer intrón de este gen, hizo pensar que otras regiones del gen, como 
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el promotor, podrían también participar, junto con ese intrón, en la regulación por frío de 
VRNH1 (Hemming et al. 2009).  
En esta tesis, se investigó la regulación del gen VRNH1 mediante la fusión de diferentes 
fragmentos del promotor de VRNH1 al “reporter” GFP (GREEN FLUORESCENT PROTEIN) y se 
estudió la expresión de estas construcciones en plantas transgénicas de cebada (Capítulo 6). 
Así, se vio que el promotor de VRNH1 es suficiente para generar transcritos de este gen en 
respuesta a frío en las hojas y en el ápice de plantas transgénicas de cebada, lo que insinúa que 
el intrón no es crítico para la inducción por bajas temperaturas, lo que es consecuente con 
estudios anteriores (Szűcs et al. 2007; Hemming et al. 2009). Estos datos parecen apuntar que 
es posible que el promotor sea necesario para que VRNH1 se induzca por bajas temperaturas y 
que el intrón 1 sea un modulador de esta inducción que determine la duración necesaria del 
periodo de frío. 
Por otro lado, se avanzó en el conocimiento de la expresión de este gen en la yema apical. La 
fluorescencia en la yema apical se incrementó antes del inicio de la diferenciación de la 
inflorescencia, y esta expresión elevada se mantuvo posteriormente a lo largo del desarrollo 
reproductivo de la inflorescencia. La expresión fue más baja en las espiguillas en desarrollo que 
en otras partes de la inflorescencia, como el meristemo apical o los primordios de las glumas. 
La distribución de esta expresión en el ápice es similar al modelo de expresión del gen VRN1 de 
trigo (T. aestivum, T. monococcum) y avena (Avena sativa), detectada por hibridación in situ 
(Kane et al. 2007, Preston y Kellog 2008). El patrón de expresión de los estados subsiguientes 
en el desarrollo de la inflorescencia coincide con los propuestos por otros investigadores 
(Schmitz et al. 2000). 
El análisis de la expresión de deleciones seriadas del promotor de VRNH1 mostró que la región 
más próxima al punto de inicio de la transcripción (-300 pb), es indispensable para la actividad 
transcripcional del mismo. Por otro lado, se analizó la secuencia del promotor para buscar 
motivos de secuencias que podrían corresponder a lugares de unión de factores de 
transcripción de respuesta a frío. Se encontraron posibles zonas de unión para factores de 
transcripción que responden a bajas temperaturas, como CBFs (C-REPEAT BINDING FACTOR), 
algunos de los cuales ya habían sido identificados por von Zitzewitz et al. (2005) y el myc ICE1 
(INDUCER OF CBF1), en los 2 kb anteriores al sitio de inicio de transcripción pronosticado para 
el gen VRNH1 (Capítulo 6). Ya se ha demostrado que estos factores de transcripción activan la 
expresión de genes que responden al frío en Arabidopsis y otras plantas (Thomashow 2010). 
Asimismo, fueron identificados sitios de unión para otros factores de transcripción como myc, 
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B-ZIP, y factores de trascripción de respuesta al etileno (ERE-ERHYLENE RESPONSE ELEMENT). 
Se ha sugerido que los factores de transcripción de tipo B-ZIP podrían mediar en la activación 
de VRNH1 en plantas vernalizadas y en algunos genotipos precoces (Li y Dubcovsky 2008). La 
presencia de lugares de unión para estos factores de transcripción en el promotor de cebada 
podría tener esta misma función. 
7.1.1.3. VRNH1 y la tolerancia a frío 
Otra cuestión importante es que la vernalización suele estar asociada con una gran tolerancia a 
las bajas temperaturas (Galiba et al. 2009; Dhillon et al. 2010). Se ha propuesto que hay dos 
regiones en el cromosoma 5 de cereales, Fr-H1 y Fr-H2 en cebada, separadas unos 20-30 cM, 
que son los principales responsables de la tolerancia a heladas (revisión en Galiba et al. 2009). 
En el Capítulo 3, las líneas introgresadas no presentaron una disminución en su tolerancia a 
frío en comparación con el parental recurrente (‘Plaisant’), salvo aquellas que llevaban un 
fragmento extra del cromosoma 5H del parental español, arrastrado durante el proceso de 
retrocruzamiento. Este fragmento corresponde a una de las regiones de los genes Fr. Se ha 
comprobado que Fr-H1 co-segrega con VRNH1 (Francia et al. 2004). El locus Fr-H2 coincide con 
un cluster de más de 12 genes de CBFs (Skinner et al. 2006; Francia et al. 2007), genes 
implicados en la tolerancia a frío.  
Está todavía a debate si VRNH1 es o no el mismo gen que Fr-H1, aunque los últimos datos 
obtenidos en trigo (Dhillon et al. 2010) sugieren que Fr-1 es un efecto pleitrópico de VRN1. Se 
ha demostrado que el locus VRNH1/Fr-H1 afecta a la expresión de múltiples CBFs en cebada 
(Stockinger et al. 2007). Dhillon et al. (2010) comprobaron en trigo que la variación alélica en 
VRN1 es suficiente para que se produzcan diferencias en la tolerancia a frío, aunque es muy 
probable que haya otros genes actuando sobre la regulación de la aclimatación a las heladas. 
En nuestro experimento, las líneas que llevaban la región del parental español en VRNH1 
tuvieron diferentes comportamientos en resistencia a heladas. Las que fueron 
extremadamente susceptibles a las heladas son las que presentaban la región de Fr-H2 del 
parental español. Esto nos hace proponer que, aparentemente, Fr-H2 es mucho más decisivo 
que Fr-H1 en este cruzamiento, y que tiene una mayor importancia en cuanto a la tolerancia a 
frío, como ya se había sugerido (Dhillon et al. 2010). Aunque detectamos un pequeño efecto 
de la región de VRNH1 sobre la tolerancia a heladas, éste no fue significativo. En cualquier 
caso, no podemos descartar que Fr-H1 no sea polimórfico en el cruzamiento estudiado. Así 
que el experimento no ofrece evidencias nuevas en cuanto a la discusión de si VRNH1 y Fr-H1 
son un mismo gen o dos. 
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7.1.2. VRNH2 (ZCCT-H) 
Como ya se ha indicado, se ha propuesto que para inducir el requerimiento de vernalización, 
deben estar presentes el alelo dominante de VRNH2 junto con el recesivo de VRNH1 (von 
Zitzewitz et al. 2005; Cockram et al. 2007).  
Los análisis de expresión de VRNH2 en todos los experimentos pusieron de manifiesto que su 
expresión es inducida bajo fotoperiodo largo, mientras que en fotoperiodo corto se reprime, 
como ya se había propuesto anteriormente (Yan et al. 2004; Trevaskis et al. 2006). La 
expresión de VRNH2 se vio disminuida a lo largo del tiempo en todos los tratamientos de 
vernalización, posiblemente por la exposición a fotoperiodo corto, o también, el aumento de 
los niveles de VRNH1.  
La interacción que existe entre los genes VRN1 y VRN2 en trigo y cebada ha sido ampliamente 
tratada en la literatura. En el momento de iniciarse esta tesis, era un punto aún en discusión. 
Una pregunta fundamental durante los últimos años ha sido: ¿es VRN2 el que reprime a VRN1 
o viceversa? Algunos estudios plantearon que VRN2 reprime a VRN1 (Yan et al. 2004; von 
Zitzewitz et al. 2005, Dubcovsky et al. 2006). Yan et al. (2004) sugirieron que la represión de 
VRN2 a VRN1 se realizaba mediante la unión de VRN2 al promotor de VRN1. Otros autores 
propusieron que la represión de VRN2 se podía realizar a través de la unión de este gen al 
primer intrón de VRN1 (von Zitzewitz et al. 2005). Sin embargo, no se pudo probar que 
existiera una interacción entre los productos de los genes VRN1 y VRN2 de trigo (Kane et al. 
2005), ni que VRN2 se una al promotor de VRN1 en trigo (Kane et al. 2007). 
Por otro lado, otros investigadores han sugerido que es la expresión de VRN1 la que reprime a 
VRN2 (Loukoianov et al. 2005; Trevaskis et al. 2006). Ambas hipótesis han sido testadas a 
través de distintos estudios y experimentos, pero finalmente se ha aceptado la teoría de que 
es el nivel de transcritos de VRN1 el que reprime la expresión de VRN2. Algunos de los grupos 
que defendían lo contrario han acabado aceptando esta hipótesis, como ha quedado reflejado 
en las publicaciones más recientes de estos investigadores (Distelfeld et al. 2009).  
Los experimentos de esta tesis corroboran la hipótesis actualmente aceptada. La expresión de 
VRNH2 sólo apareció en condiciones de fotoperiodo largo (Capítulos 4 y 5), nunca bajo 
fotoperiodos cortos, como los encontrados por las cebadas de invierno en las condiciones 
naturales de cultivo. Nuestros resultados indican que, en una determinada variedad, puede 
darse expresión de los dos genes al mismo tiempo. VRNH2 sólo se expresó mientras la 
expresión de VRNH1 fue baja o indetectable. En cuanto la expresión de VRNH1 ascendía, la 
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expresión de VRNH2 caía inexorablemente, siendo este momento distinto para los diferentes 
alelos de VRNH1. 
Se ha propuesto que el papel de VRNH2 es, además, el de reprimir la expresión de VRNH3 
(Hemming et al. 2008). En esta tesis, proponemos que VRNH2 tiene un papel más general 
como represor en las rutas de la vernalización y el fotoperiodo. Es posible que la relación entre 
la ruta de vernalización y fotoperiodo pueda estar mediada total o parcialmente, por VRNH2 a 
través de su interacción con PPDH2 y VRNH3, ambos genes de la familia FT (Faure et al. 2007). 
Esta y otras interacciones se analizan en profundidad en los siguientes apartados. 
7.1.3. VRNH3 (HvFT1) 
Como se ha indicado, este gen es el integrador de las rutas de inducción de la floración 
mediante las respuestas al fotoperiodo y a la vernalización. Su expresión es un paso necesario 
para que se produzca la floración. Se ha identificado recientemente, por lo que el 
conocimiento acumulado sobre él es menor que el de otros genes VRN. Las preguntas que 
estaban planteadas al comienzo de la tesis eran ¿cómo se ve afectada la expresión de este gen 
por las combinaciones alélicas de los demás genes de las rutas de respuesta a vernalización y 
fotoperiodo? Y ¿la diversidad alélica en VRNH3 tiene un reflejo a nivel funcional? No se ha 
llegado a respuestas completas a ninguna de las dos preguntas, pero si se han puesto de 
manifiesto aspectos novedosos que aportan información sobre este gen. 
En resumen, en esta tesis se examinó la expresión de este gen en distintos genotipos y 
condiciones, para clarificar la importancia del mismo en la ruta de floración y tratar de 
identificar nuevas interacciones con otros genes. No se encontró expresión de VRNH3 en 
ningún genotipo en condiciones de vernalización y fotoperiodo corto (Capítulo 4). En 
condiciones de fotoperiodo largo y sin vernalización, los estudios de expresión revelaron que la 
expresión de VRNH3 sólo se pudo detectar en genotipos típicos de primavera (Capítulo 4), 
similar a lo encontrado por Faure et al. (2007) en la variedad ‘Triumph’ o por Kikuchi et al. 
(2009) en ‘Morex’, ambas variedades de primavera. Sin embargo, sí que se observó expresión 
de VRNH3 en condiciones de fotoperiodo largo en algunos genotipos, tras haber expuesto a las 
plantas a fotoperiodo corto y vernalización (Capítulo 5). Todo esto parece estar en 
consonancia con los resultados publicados tanto para cebada, como para el gen homólogo en 
trigo, en los que se ha visto que la expresión de este gen en genotipos de invierno parece ser 
inducida por fotoperiodo largo y tras un periodo de exposición a bajas temperaturas (Yan et al. 
2006; Hemming et al. 2008). Por otro lado, el momento en el que VRNH3 se expresa, posterior 
Capítulo 7 
137 
a la detección de VRNH1, parece apoyar la hipótesis planteada de que es el gen integrador de 
las rutas de vernalización y fotoperiodo (Hemming et al. 2008; Distelfeld et al. 2009). 
Aunque se analizaron distintos alelos de VRNH3, no se pudieron detectar diferencias claras en 
su expresión (Capítulo 5). Posiblemente, esto se debe a que la duración del experimento no 
fue lo suficientemente larga para detectarlos, o porque otros genes tienen influencia en esta 
ruta. No obstante, sí que se pudo constatar el efecto de los alelos (TC/AG) sobre la fecha de 
floración, en el experimento de campo del Capítulo 5. En él, un conjunto de variedades de 
cebada de invierno fue sometido a tratamientos de vernalización de diferente duración y 
transferido posteriormente a campo en condiciones de día largo y sin vernalización. En esas 
condiciones, los genotipos con el haplotipo TC florecieron (en promedio de todos los 
tratamientos) dos días antes que los genotipos con el haplotipo AG (Capítulo 5). Estos 
resultados corroboran lo ya propuesto por nuestro grupo para estos alelos (Casas et al. 2011). 
Por último, las interacciones de este gen con otros, como la ya descrita entre VRNH3 y el alelo 
sensible a fotoperiodo largo del gen PPDH1 (Hemming et al. 2008), se analizarán en el 
siguiente apartado. 
7.1.4. PPDH1 (HvPRR7) 
Al igual que VRNH3, se estudió la expresión de PPDH1 para conocer su relación con los otros 
genes. Aparentemente, no se encontraron diferencias en la expresión de los distintos alelos en 
las mismas condiciones (Capítulo 4). De hecho, aunque se analizó su expresión en el Capítulo 5, 
la expresión fue bastante parecida y constante entre los tratamientos y genotipos. El gen 
PPDH1 está sometido a ritmo circadiano y su expresión está influenciada por el momento del 
día (número de horas de luz) en el que se recogen las muestras (Turner et al. 2005; Hemming 
et al. 2008). Para evitar encontrar diferencias en expresión debidas al ritmo circadiano, las 
muestras fueron tomadas en la mitad del periodo de luz, para cada uno de los tratamientos. 
No obstante, sí que se verificó que el alelo sensible a fotoperiodo largo de este gen acelera el 
progreso hacia la floración, lo que ya había sido sugerido por otros investigadores (Turner et al. 
2005; Hemming et al. 2008; Jones et al. 2008). Este adelanto en la floración se observó en 
genotipos de cebada tras su exposición a tratamientos de vernalización de duración creciente 
y posterior trasplante a campo en condiciones de fotoperiodo largo y sin frío (Capítulo 5). En 





7.1.5. PPDH2 (HvFT3) 
El gen PPDH2 ha sido uno de los menos estudiados de entre los genes mayores de floración. 
Los resultados obtenidos en esta tesis, le dotan de una importancia hasta ahora desconocida 
tanto en la ruta de floración, como en la adaptación de la cebada a determinados ambientes. 
Anteriormente, se había descrito que este gen respondía sólo a fotoperiodos cortos (Laurie et 
al. 1995; Kikuchi et al. 2009). Esta hipótesis parecía corroborada por los tipos de ensayos en los 
que aparecían QTLs para la fecha de floración en la región de PPDH2 (Pan et al. 1994; Francia 
et al. 2004; Cuesta-Marcos 2008a, b). Su expresión se ha observado, sobre todo, en 
condiciones de día corto (Faure et al. 2007; Kikuchi et al. 2009). Además, parece que cuanto 
más largo es el tratamiento de vernalización en fotoperiodo corto, mayor es su expresión 
(Capítulos 4 y 5). Sin embargo, en esta tesis se ha encontrado que el alelo funcional de este 
gen se expresa también en condiciones de día largo, tanto si las plantas han sido previamente 
sometidas o no a un tratamiento de vernalización (Capítulos 4 y 5). Este resultado fue 
inesperado, pero confirma observaciones recientes hechas por Faure et al. (2007) y Kikuchi et 
al. (2009) en otros cultivares en los que también encontraron expresión de PPDH2 en 
fotoperiodo largo. No obstante, la expresión de PPDH2 fue siempre claramente mayor en 
condiciones de día corto que en condiciones de día largo. 
Otro aspecto que llamó la atención fue que dos genotipos que tenían el mismo alelo de PPDH2 
(‘Alexis’ y CNCE058), incluso corroborado por la secuencia, presentaron distintos patrones de 
expresión (Capítulo 4). Mientras que en un genotipo se expresaba tanto en día corto como 
largo (‘Alexis’), en el otro sólo se expresaba en día corto (CNCE058). Este resultado se validó 
con dos conjuntos de materiales vegetales, dos poblaciones de dihaploides que segregaban, 
cada una de ellas, para distintos genes de floración. Los análisis independientes de los tres 
conjuntos de materiales mostraron la existencia de una correlación estrecha y antagónica 
entre la expresión de VRNH2 y la represión de PPDH2 (Capítulo 4). Posteriormente, esta 
correspondencia entre la expresión de estos dos genes fue constatada en los análisis del 
Capítulo 5. Así, proponemos que VRNH2 actúa también como represor de PPDH2 en la cebada. 
También se encontraron diferencias en expresión, entre plantas con el mismo alelo invernal de 
VRNH1. Observamos que en los genotipos con el alelo funcional de PPDH2, la expresión de 
VRNH1 y VRNH3 era aparentemente mayor que en aquellos que no lo tenían (Capítulo 5). 
Aunque esta observación no es una prueba definitiva de que PPDH2 fuera el principal 
responsable, ya que otros genes podrían estar implicados, es suficientemente sólida como 
para justificar la continuación de esta línea de investigación. Todo esto pone de manifiesto 
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nuevas interacciones entre los genes en la ruta de floración que serán analizadas en el 
siguiente apartado. 
Otro aspecto señalado, que se estudió en este trabajo, fue la distribución de los alelos de 
PPDH2 en las cebadas domesticadas. El alelo dominante PPDH2 se encuentra en la mayoría de 
los cultivares de primavera, mientras que la mayoría de los cultivares de invierno tienen el 
alelo recesivo (nulo/truncado) de ppdH2 (Capítulo 5). Este hecho era de conocimiento común 
entre los mejoradores de cebada, se había sugerido ya en un estudio anterior (Faure et al. 
2007), pero no se había refrendado con un análisis de frecuencias de esta magnitud. Sin 
embargo, en el caso de las líneas de la CNCE, la mayoría de las líneas de invierno (las que 
presentan alelos de invierno en VRNH1 y VRNH2) presentan el alelo funcional de PPDH2 
(Capítulo 5). Ante estos resultados, se analizó la distribución geográfica de 125 variedades de 
invierno a las que se había caracterizado para el gen PPDH2, y se las dividió en tres clases 
según la latitud de sus procedencias. El alelo dominante PPDH2 predomina en variedades de 
invierno de latitudes bajas, mientras que la proporción de variedades con el alelo recesivo 
ppdH2 aumenta en latitudes altas (Capítulo 5). Todos estos hallazgos nos llevan a afirmar, que 
la distribución del alelo funcional de este gen no es al azar, y que posiblemente, sean las 
condiciones ambientales las responsables de esta distribución, que debe ser el resultado de 
una selección preferencial por parte de los agricultores, a lo largo de siglos de adaptación del 
cultivo. 
El efecto de PPDH2 en condiciones de fotoperiodo largo no se circunscribe a los experimentos 
de expresión génica en condiciones controladas. En el Capítulo 5 queda además patente, su 
efecto sobre la fecha de floración en condiciones poco inductivas (vernalización no completa), 
en variedades de invierno, lo que está de acuerdo con la hipótesis propuesta por Kikuchi y 
Handa (2009), quienes sugirieron que este gen participa en una ruta de promoción de la 
floración en condiciones no inductivas. Los genotipos que llevaban el alelo PPDH2 florecieron 
de media 6 días antes que las que no lo tenían, para un conjunto de tratamientos secuenciales 
de vernalización (Capítulo 5).  
7.2. Interacciones entre los principales genes de floración: nuevos descubrimientos 
La adaptación de las variedades de trigo y cebada, a distintos ambientes, precisa una 
regulación estrecha de la floración. Los cinco genes que se estudian están implicados en las 
respuestas de vernalización y fotoperiodo y son los principales responsables en la ruta de 
floración en cebada y en otros cereales, como el trigo. Como ya se ha visto, estos genes 
responden a señales ambientales y su regulación está muy influenciada por su interacción con 
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otros genes. A continuación describiremos el modelo actual de funcionamiento de las rutas de 
inducción de la floración en la cebada, con la incorporación de los hallazgos novedosos de este 



















Figura 7.1. Esquema de las rutas de promoción de la floración en la cebada, basado en Trevaskis et al. 




















Las interacciones entre los genes VRNH1, VRNH2, and VRNH3 han sido ampliamente descritas 
(Trevaskis et al. 2007; Distelfeld et al. 2009; Shimada et al. 2009; Distelfeld y Dubcovsky 2010). 
Como ya se ha indicado, estos tres genes forman un feedback regulatory loop, en el que la 
modificación de los niveles de transcripción de cualquiera de ellos, afecta a los niveles de los 
otros (Distelfeld et al. 2009). Este modelo predice que, en condiciones de baja temperatura y 
fotoperiodo corto (condiciones típicas del otoño), VRNH2 no está inducido por la falta de días 
largos, y la aparición de transcritos de VRNH1 va incrementándose, a medida que el número de 
días fríos aumenta. Todos los experimentos de expresión presentados en este estudio 
corroboran estas observaciones (Capítulos 4 y 5). En general, la expresión de VRNH1 fue 
acompañada por una reducción progresiva de los transcritos de VRNH2, resultados que 
coinciden con los encontrados por Yan et al. (2004). Cuando se detectó la expresión 
simultánea de los dos genes, la evolución de la expresión de ambos a lo largo de los 
tratamientos, indicó que el aumento en la expresión de VRNH1 coincidía con el descenso de la 
expresión de VRNH2, lo que es consecuente con lo sugerido por otros autores de que la 
expresión de VRNH1 reprime la de VRNH2 (Trevaskis et al. 2006). 
El patrón de expresión de VRNH3 observado, posterior a la de VRNH1, parece apoyar la 
hipótesis ya planteada por Hemming et al. (2008) y Distelfeld et al. (2009), de que es este 
primer gen el integrador de las rutas de fotoperiodo y vernalización, en consonancia con lo 
descrito por Shimada et al. (2009). Por otro lado, el hecho de que no se detectara expresión de 
este gen en condiciones de fotoperiodo largo en genotipos con VRNH2, sin un tratamiento frio 
previo (Capítulo 4), confirma otra interacción ya descrita en día largo de VRNH3 y VRNH2, en la 
que también parece participar PPDH1 (Hemming et al. 2008). En esta interacción, la ausencia 
de VRNH2 (genotipo nulo) está asociada con la expresión de VRNH3 y la floración temprana, 
pero sólo combinada con el alelo de PPDH1 sensible a fotoperiodo largo. La presencia de 
VRNH2 contrarresta los efectos del alelo sensible de PPDH1 para evitar la floración antes de 
que se complete el periodo de vernalización. 
Esta conexión de VRNH2 con la ruta de fotoperiodo, parece afianzarse en este trabajo, ya que 
los resultados obtenidos establecen una correlación entre VRNH2 y PPDH2, según la cual, 
cuando la expresión de VRNH2 es reprimida por la expresión de VRNH1, el alelo dominante de 
PPDH2 se expresa, pudiendo promover la floración en condiciones de día largo, de forma 
indirecta. Este resultado no está en contradicción con el modelo descrito por Higgins et al. 
(2010), donde se propone que PPDH2 tiene un efecto promotor sobre VRNH1, en condiciones 
de fotoperiodo corto.  
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7.3. Diversidad alélica y adaptación 
Los resultados presentados en esta tesis doctoral abren nuevas perspectivas para la obtención 
de variedades de cebada adaptadas a determinados ambientes, especialmente los de latitudes 
mediterráneas. La investigación simultánea de los principales genes de floración en cebada y el 
análisis de las interacciones entre ellos, enriquece y facilita el desarrollo de nuevas variedades. 
Por otra parte, el estudio de constituciones genéticas diferentes tales como las presentes en 
variedades típicas de invierno o primavera, así como las combinaciones intermedias que están 
presentes en el material vegetal de la CNCE, (desarrollado a partir de cultivares autóctonos 
muy adaptados a condiciones mediterráneas) han arrojado luz sobre el papel de estos genes y 
su comportamiento en respuesta a distintas condiciones ambientales.  
En esta tesis, se demuestra que es posible manipular el requerimiento de vernalización con 
mínimos efectos en la tolerancia a frío. La introgresión de uno de los dos alelos más frecuentes 
de VRNH1 en la CNCE (VRNH1-4), y el análisis posterior de su requerimiento de vernalización 
indica que este alelo no puede ser clasificado como de invierno o primavera. Este alelo tiene 
un comportamiento, que encaja en una posición intermedia en el gradiente de hábitos de 
crecimiento descrito por Takahashi y Yasuda (1971). Este hallazgo se constata en los estudios 
de expresión (Capítulo 4 y 5), donde los dos alelos más frecuentes de VRNH1 en la CNCE 
tuvieron un perfil de expresión intermedio entre las variedades de primavera y de invierno.  
Muchos investigadores han sugerido, que los diferentes alelos de VRNH1 están asociados con 
diferente hábito de crecimiento y fecha de floración. Se ha propuesto que los polimorfismos 
descritos en VRNH1 pueden ser la causa de la adaptación de los cultivares a regiones 
concretas. Los dos haplotipos de VRNH1 estudiados en este trabajo son representativos de las 
dos grandes clases en relación al hábito de crecimiento, presentes en esta colección de 
cebadas españolas (Yahiaoui et al. 2008; Igartua et al. 2010), uno de los cuales (VRNH1-6) ha 
sido encontrado en muy baja frecuencia en el germoplasma de cebada europeo (Cockram et 
al. 2007). Los dos alelos están distribuidos geográficamente, siguiendo gradientes climáticos 
(Igartua et al. 2010). El alelo VRNH1-4, con unas bajas necesidades de frio, está presente en 
cebadas de regiones con inviernos suaves o moderados; mientras que el alelo VRNH1-6, con 
un mayor requerimiento de vernalización, se encuentra en cebadas de regiones con inviernos 
más fríos, con temperaturas más extremas. Estos alelos de VRNH1 podrían conferir ventajas 
adaptativas a los climas mediterráneos, predominantes en la península ibérica, con inviernos 
más suaves que los que se dan en latitudes más altas. 
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Otra cuestión abordada en esta tesis e importante en cuanto a la adaptación, ha sido la 
distribución de PPDH2 en variedades con distinto hábito de crecimiento (Capítulo 5). En este 
trabajo, se ha descrito una distribución geográfica del polimorfismo de PPDH2 dependiente de 
la latitud, en variedades de invierno, como ya se había visto anteriormente para PPDH1 en 
variedades tradicionales de toda Europa (Jones et al. 2008). Las cebadas con el alelo funcional 
de PPDH2, (alelo que ayuda a florecer), predominaban en regiones con periodos de 
crecimiento cortos y veranos secos, como sucede en los ambientes mediterráneos, mientras 
que el alelo recesivo ppdH2 fue más frecuente en cebadas cultivadas más al norte, en regiones 
con estaciones de crecimiento más largas. Esta distribución es similar a la que se observó para 
PPDH1 (Jones et al. 2008). La frecuencia del alelo insensible de PPDH2 aumenta en latitudes 
más al norte. Según esto, el alelo funcional de PPDH2 indicaría otro factor de ajuste a 
determinadas condiciones ambientales. Otro aspecto destacado de PPDH2 ha sido su 
influencia sobre la floración (Kikuchi y Handa 2009). Se ha visto que en genotipos de invierno, 
cuando la vernalización es escasa, condiciones que son frecuentes en el Mediterráneo, este 
gen acelera notablemente la floración, lo que permitiría a las plantas florecer a tiempo, antes 
del periodo de sequía del verano, a pesar de que sus necesidades de vernalización no hayan 
sido satisfechas.  
Estos resultados se han de poner en consonancia con los de Cockram et al. (2011), quienes 
describieron la distribución geográfica de 195 cultivares autóctonos de cebada europeos, en 
función de su constitución genética. Para ello, emplearon información de VRNH1, VRNH2, 
PPDH1 y PPDH2. Estos autores han sugerido, que la expansión de la cebada cultivada ha tenido 
lugar por la aparición de nuevas combinaciones alélicas de esos cuatro genes. La mayoría de 
las cebadas silvestres, H. vulgare ssp. spontaneum son de hábito invernal (Saisho et al. 2011) y 
se asume, que las primeras cebadas domesticadas también serían de invierno. Diversas 
mutaciones que ocurrieron en VRNH1 permitieron la expansión de la cebada desde latitudes 
medias a latitudes más bajas o más altas, donde son frecuentes las variedades de primavera 
(von Bothmer et al. 2003; Saisho et al. 2011). Esa expansión vino acompañada de la presencia 
del alelo insensible en PPDH1 (Jones et al. 2008), permitiendo el óptimo desarrollo de las 
variedades en fotoperiodos muy largos, por encima de 12 h de luz.  
Resulta sorprendente, que la mayoría de cultivares autóctonos españoles tengan un alelo 
intermedio en VRNH1, y alelos dominantes en VRNH2, PPDH1 y PPDH2, tal como ha sido 
descrito por Cockram et al. (2011) en un número pequeño de variedades del área 
mediterránea. Se puede pensar que en ambientes mediterráneos, esta constitución genética 
puede favorecer la adaptación a esas condiciones ambientales específicas. En la península 
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ibérica, se suele sembrar en otoño y durante el invierno las plantas están expuestas a 
temperaturas frías, que inducirán VRNH1. La presencia de VRNH2 puede actuar como 
mecanismo de control para que la floración no tenga lugar antes de tiempo, reprimiendo el 
proceso. Conforme las temperaturas van aumentando, la presencia de PPDH2 puede tener un 
efecto promotor de la floración, si no ha habido suficiente frio durante el invierno, facilitando 
el desarrollo de los ápices al principio de la primavera. Con fotoperiodos crecientes, PPDH1 
asegurará que la floración tenga lugar a tiempo, promoviendo la expresión de VRNH3, antes de 
que las temperaturas sean demasiado altas y puedan resultar letales para el desarrollo floral.  
Todos estos descubrimientos abren nuevas perspectivas en la búsqueda de genes de 
adaptación, que permitan lograr cultivares más adecuados a todo tipo de ambientes. En esta 
búsqueda del ajuste óptimo a las condiciones ambientales, parece que, además de los alelos 
por si mismos, es muy importante el papel que juegan las combinaciones alélicas en los cinco 
genes mayores de floración, dadas las interacciones entre ellos. Todo eso puede ser 
especialmente importante en un escenario de cambio climático como el actual. 
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Capítulo 8. Conclusiones 
1. El material vegetal español presenta requerimientos de vernalización y hábitos de 
crecimiento intermedios entre las variedades de primavera y las de invierno puro. Estos 
comportamientos, probablemente, hayan sido seleccionados por adaptación a los climas 
mediterráneos que predominan en la península ibérica, con inviernos más suaves que los 
de la mayor parte de la Europa continental. 
2. Los alelos VRNH1-4 y VRNH1-6 de VRNH1, los más abundantes en las cebadas españolas, 
son en gran parte los responsables de los menores requerimientos de vernalización. La 
diferencia entre los alelos de VRNH1 radica en el tamaño del primer intrón. Los estudios 
de expresión génica confirman que la longitud del primer intrón en cebadas de invierno 
(con presencia de VRNH2) está correlacionada con el periodo de frío requerido por cada 
variedad. 
3. Es posible manipular el requerimiento de vernalización de la cebada mediante la 
sustitución del alelo de VRNH1. La introgresión de VRNH1-4 en una variedad élite de 
invierno puro, ‘Plaisant’, ha producido una reducción notable del requerimiento de 
vernalización. Esa introgresión no afecta a la tolerancia a las heladas, si no se transmite 
simultáneamente la región vecina, donde se localiza el locus Fr-H2. Estos resultados son 
directamente aplicables en los programas de mejora de cebada para las condiciones 
mediterráneas. 
4. La expresión observada para los mismos alelos de ciertos genes varía según la 
constitución genética de los demás genes de las rutas estudiadas. Por tanto, los genes 
implicados en este sistema deberían ser estudiados simultáneamente, al depender sus 
respuestas de estas configuraciones alélicas. Por este motivo, la selección de material 
vegetal para los experimentos de expresión génica es crucial, pues deben estar 
representadas las combinaciones más representativas e informativas.  
5. Existe una correlación estrecha entre la expresión de VRNH2 y la represión de PPDH2, 
según la cual la expresión de VRNH2 impide la de PPDH2, que sólo se expresa cuando 
disminuye la expresión de VRNH2.  
6. La presencia de PPDH2 acelera la floración en variedades de invierno cuando la exposición 
a bajas temperaturas no es lo suficientemente larga para satisfacer su requerimiento de 
vernalización. Los patrones de expresión de este gen apuntan a que su efecto promotor 
de la floración ocurre en condiciones no inductivas. Este efecto podría ser explicado por la 
correlación que existe entre la expresión de PPDH2 y el aumento de los niveles de 
expresión de VRNH1 y VRNH3.  
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7. PPDH2 predomina en variedades de invierno de latitudes bajas, mientras que la 
proporción de variedades con el alelo recesivo ppdH2 aumenta en latitudes altas. Esta 
distribución es similar a la descrita para PPDH1 (para variedades de invierno y primavera), 
y podría no ser debida al azar. Es posible que esté relacionada con la adaptación a la 
duración de los periodos de crecimiento, y a los patrones de temperatura y fotoperiodo 
de los distintos ambientes. 
8. El promotor de VRNH1 por sí solo es capaz de provocar la inducción de la expresión de 
este gen en plantas transgénicas de cebada sometidas a frío en el ápice y en las hojas. 
9. Una región de 300 pb del promotor de VRNH1, proximal al punto de inicio de la 
transcripcion del gen, es requerida para la actividad transcripcional del mismo. Esta región 
mínima es también suficiente para la inducción de la expresión de GFP, aunque existen 
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Capítulo 3. Material suplementario 
Figure 3.S1. PCR amplification of the region harbouring the 5.2 kb intron 1 InDel 
using primer set HvBM5A.055F/056R (von Zitzewitz et al. 2005). SBCC058 and 
‘Plaisant’ are depicted. 
 
SBCC058 (left) has a deletion and generates a product of 1200 bp whereas ‘Plaisant’ 
(right) carries the recessive allele, full length intron and yields a fragment of 5200 bp. 
 










Figure 3.S2. BOPA1 genotypes of BC3F3 NILs of the cross SBCC058 × Plaisant. 1 (green, Plaisant allele); 2 
(red, SBCC058 allele); 3 (orange, heterozygous SNP). 
BOPA BOPA_C SNP Name Chrom cM_NAI SBCC058 Plaisant 1a 1b 1c 2a 2b 3a 3b 3c 4a 4b 4c 4d 
11_1105 11_10895 7174-365 1H 0.77 AA BB 1 1 1 1 3 1 1 1 1 1 1 1 
11_1235 11_21354 8670-388 1H 0.77 AA BB 1 1 1 1 3 1 1 1 1 1 1 1 
11_0453 11_10419 3101-111 1H 3.75 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1126 11_21226 7372-1253 1H 8.77 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0370 11_10332 2609-350 1H 15.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0897 11_10775 5494-316 1H 17.26 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1060 11_10873 6792-1945 1H 20.89 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0231 11_10186 1906-429 1H 23.86 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0875 11_10757 5318-436 1H 23.86 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0851 11_10744 5194-1118 1H 26.11 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0879 11_10760 5346-1587 1H 34.83 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1052 11_21134 6720-641 1H 43.28 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0330 11_10294 2407-1771 1H 47.47 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1326 11_11064 ABC02639-1-4-370 1H 49.34 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0629 11_20660 4020-643 1H 50.00 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0409 11_20427 2851-848 1H 50.60 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1239 11_21357 8717-244 1H 51.70 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1202 11_21312 8224-561 1H 52.46 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0872 11_20912 5297-796 1H 52.46 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1457 11_11359 ABC15349-1-1-162 1H 54.73 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1117 11_21217 7284-710 1H 54.73 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0329 11_10293 2401-1028 1H 55.49 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0982 11_21053 6118-595 1H 58.90 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0599 11_10552 3845-1089 1H 59.71 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1218 11_21333 8486-1964 1H 59.71 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0886 11_10768 5402-929 1H 59.71 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1295 11_21431 9638-619 1H 64.91 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0984 11_21057 6142-1544 1H 71.43 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0766 11_10686 4665-882 1H 71.43 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0098 11_20121 12492-541 1H 75.45 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0312 11_10279 233-1327 1H 75.45 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1377 11_11189 ABC08077-pHv131-02 1H 90.97 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0771 11_20792 4691-721 1H 90.97 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0754 11_20780 4625-1413 1H 105.10 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0023 11_20021 10360-563 1H 109.82 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0923 11_10789 5690-1045 1H 112.54 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1265 11_21392 9105-497 1H 114.84 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0868 11_20908 5283-1090 1H 121.12 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0632 11_10586 4027-1814 1H 121.77 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0358 11_20383 2572-986 1H 131.15 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1524 11_11509 ConsensusGBS0554-4 1H 135.56 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1349 11_11105 ABC05061-1-1-159 1H 135.56 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0564 11_20603 3671-59 1H 135.56 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
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11_0555 11_20594 3639-969 1H 136.31 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0119 11_20138 13095-187 1H 137.83 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0874 11_20915 5316-739 1H 138.31 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 




              11_1324 11_11059 ABC02329-1-20-250 2H 7.14 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1256 11_21377 8930-370 2H 8.57 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1315 11_11040 ABC01004-sfp18-05 2H 19.27 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0252 11_10216 2029-1143 2H 26.53 AA BB 1 1 1 1 1 1 2 1 1 3 3 1 
11_0378 11_20394 2646-1277 2H 27.29 AA BB 1 1 1 1 1 1 2 1 1 3 3 1 
11_1350 11_11110 ABC05236-1-10-217 2H 32.17 BB AA 1 1 1 1 1 1 2 1 1 3 3 1 
11_1195 11_21304 816-265 2H 33.74 BB AA 1 1 1 1 1 1 2 1 1 3 3 1 
11_1143 11_10919 7623-818 2H 39.10 BB AA 1 1 1 1 1 1 1 1 1 3 3 1 
11_0222 11_10178 1862-765 2H 39.10 AA BB 1 1 1 1 1 1 1 1 1 3 3 1 
11_1009 11_10837 6338-682 2H 40.50 BB AA 1 1 1 1 1 1 1 1 1 3 3 1 
11_0718 11_10648 4410-284 2H 41.66 BB AA 1 1 1 1 1 1 1 1 1 3 3 1 
11_1222 11_21338 8512-430 2H 44.84 AA BB 1 1 1 1 1 1 1 1 1 3 3 1 
11_0126 11_10084 1341-841 2H 45.55 BB -- 1 1 1 1 1 1 1 1 1 2 2 1 
11_1322 11_11054 ABC01899-1-1-301 2H 50.60 AA BB 1 1 1 1 1 1 1 1 1 1 3 1 
11_0268 11_10234 2128-874 2H 51.75 AA BB 1 1 1 1 1 1 1 1 1 1 3 1 
11_0654 11_10602 411-495 2H 58.24 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0933 11_10796 5759-478 2H 58.24 AA BB 1 1 1 1 1 1 1 1 1 1 3 1 
11_0035 11_20039 10719-459 2H 58.90 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_1318 11_11046 ABC01644-1-3-379 2H 58.90 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_0756 11_10679 4630-1036 2H 58.90 AA BB 1 1 1 1 1 1 1 1 1 1 3 1 
11_0026 11_10012 1040-279 2H 58.90 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_0684 11_10624 4233-63 2H 59.21 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_0215 11_20251 1826-229 2H 59.90 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_0388 11_10358 2719-672 2H 59.90 AA BB 1 1 1 1 1 1 1 1 1 1 3 1 
11_0637 11_20669 4049-233 2H 59.90 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1466 11_11384 ABC17685-1-4-365 2H 60.68 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_1384 11_11206 ABC08774-1-1-752 2H 62.82 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_0548 11_20585 3576-2715 2H 63.53 BB AA 1 1 1 1 1 1 1 1 1 1 3 1 
11_0719 11_10651 4434-804 2H 68.24 BB AA 1 1 1 1 1 1 1 1 1 3 1 1 
11_1155 11_21258 7729-565 2H 70.54 AA BB 1 1 1 1 1 1 1 1 1 3 1 1 
11_0801 11_20833 4868-166 2H 71.12 AA BB 1 1 1 1 1 1 1 1 1 3 1 1 
11_1108 11_21205 7187-382 2H 71.56 BB AA 1 1 1 1 1 1 1 1 1 3 1 1 
11_0634 11_20667 4037-916 2H 72.33 BB AA 1 1 1 1 1 1 1 1 1 3 1 1 
11_0310 11_20340 2322-462 2H 85.92 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0971 11_21037 6024-1095 2H 88.74 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0248 11_10214 2020-539 2H 93.50 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0948 11_21007 5837-427 2H 96.25 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0426 11_10398 2944-1813 2H 100.37 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1112 11_10900 7236-1384 2H 101.78 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1342 11_11094 ABC04580-1-4-420 2H 108.61 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0830 11_10731 5088-59 2H 113.48 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
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11_1238 11_10990 871-462 2H 113.48 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1317 11_11043 ABC01334-1-1-55 2H 113.48 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1353 11_11118 ABC05640-1-1-248 2H 113.48 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1130 11_21238 7487-390 2H 113.48 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0467 11_10429 3180-1771 2H 115.08 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1398 11_11236 ABC09941-1-1-100 2H 115.78 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0587 11_10538 3763-595 2H 116.49 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0905 11_10780 5541-418 2H 119.05 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0486 11_20511 3256-1196 2H 120.80 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1460 11_11365 ABC16258-1-1-77 2H 121.50 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0134 11_10092 1381-547 2H 121.50 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1248 11_21370 8817-798 2H 125.46 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1511 11_11486 ConsensusGBS0379-1 2H 127.06 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1320 11_21459 ABC01791-1-1-110 2H 127.06 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0154 11_10109 1486-908 2H 127.64 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0340 11_20366 2464-1228 2H 128.26 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0183 11_20215 1613-291 2H 130.01 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0410 11_10383 285-2932 2H 130.01 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0099 11_10065 1250-923 2H 130.01 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0403 11_10376 2822-739 2H 131.77 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1395 11_11227 ABC09559-1-2-143 2H 133.22 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0553 11_20590 3608-2133 2H 137.51 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0598 11_10551 3840-348 2H 139.65 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0687 11_10625 4240-749 2H 139.65 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0986 11_10826 6157-1233 2H 139.65 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0607 11_10566 3910-1648 2H 140.27 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0352 11_10315 252-556 2H 141.28 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0802 11_10714 4879-1560 2H 143.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1464 11_11380 ABC17314-1-1-226 2H 145.03 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0927 11_10791 570-1376 2H 150.67 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1297 11_21436 9668-422 2H 150.67 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0106 11_10072 1283-332 2H 151.37 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 




              11_0775 11_20797 4715-810 3H 2.29 -- AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1269 11_21398 918-480 3H 8.23 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0962 11_21027 5945-748 3H 8.86 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0926 11_20976 5700-156 3H 9.63 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0158 11_10112 1499-290 3H 10.80 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0557 11_20595 3646-1984 3H 12.46 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0570 11_20607 3688-1291 3H 32.83 -- AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0037 11_10026 1074-992 3H 32.83 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1044 11_10863 6634-263 3H 41.68 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0633 11_20666 4035-99 3H 43.23 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0613 11_20647 3933-1077 3H 43.23 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1526 11_21533 ConsensusGBS0598-3 3H 43.23 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
Anexos 
161 
11_1258 11_11002 9018-522 3H 43.99 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1023 11_21101 6460-355 3H 48.63 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1410 11_11258 ABC10667-1-1-288 3H 52.50 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1338 11_11086 ABC04214-1-2-360 3H 53.27 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0187 11_10137 1630-1150 3H 54.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0920 11_20970 5657-1187 3H 54.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0365 11_10328 2588-229 3H 54.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1518 11_11501 ConsensusGBS0471-1 3H 54.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0013 11_10008 10248-954 3H 56.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0411 11_20428 2861-1941 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0820 11_20856 5020-145 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0989 11_21062 6171-956 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0774 11_20796 4707-421 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0504 11_10456 3354-121 3H 56.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0302 11_20333 2288-126 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1355 11_11124 ABC05852-1-2-658 3H 56.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1063 11_21147 6818-411 3H 56.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1443 11_11337 ABC14167-1-2-250 3H 56.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0079 11_20102 12007-70 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0383 11_10349 2676-256 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0262 11_10224 2066-1133 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0417 11_20439 2897-208 3H 56.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0424 11_20444 2934-1076 3H 57.12 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0263 11_10225 2067-775 3H 58.01 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0243 11_20276 1977-1385 3H 58.64 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1282 11_11016 9481-859 3H 58.64 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1469 11_21511 ABC18582-1-2-417 3H 59.89 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0724 11_10653 4453-422 3H 59.89 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1378 11_11191 ABC08184-2-1-35 3H 64.19 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1039 11_21120 6573-369 3H 64.19 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0673 11_20704 4184-393 3H 65.52 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1470 11_11391 ABC18717-1-3-215 3H 65.52 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0373 11_10335 2616-2560 3H 65.52 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0018 11_20017 10317-448 3H 69.60 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0241 11_20273 1961-287 3H 70.71 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0834 11_20877 5128-1831 3H 70.71 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1401 11_11241 ABC10084-1-2-363 3H 70.71 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0384 11_10350 2677-501 3H 73.53 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0493 11_20521 3306-446 3H 74.15 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0067 11_10047 1176-1547 3H 78.53 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0558 11_20597 3650-311 3H 78.53 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1228 11_21348 861-268 3H 87.24 AA BB 1 1 1 1 1 1 1 1 2 1 1 1 
11_0691 11_10628 42-512 3H 87.24 BB AA 1 1 1 1 1 1 1 1 2 1 1 1 
11_0488 11_10444 3266-570 3H 87.24 BB AA 1 1 1 1 1 1 1 1 2 1 1 1 
11_0944 11_20999 5797-777 3H 98.49 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1299 11_21438 9683-140 3H 98.49 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
Anexos 
162 
11_0229 11_10184 1898-580 3H 100.66 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1003 11_21083 6302-250 3H 101.43 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1257 11_21381 8984-579 3H 102.21 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1415 11_21495 ABC11028-1-1-64 3H 104.53 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1408 11_21493 ABC10632-1-2-132 3H 105.30 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0009 11_20009 10114-1946 3H 107.63 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1073 11_21161 6871-945 3H 111.42 -- AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0025 11_20023 1038-754 3H 111.42 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0347 11_10312 2500-1514 3H 114.00 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1520 11_11503 ConsensusGBS0510-2 3H 114.00 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1171 11_21277 7867-585 3H 114.00 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0630 11_10584 4025-300 3H 117.10 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0866 11_10754 5260-462 3H 126.27 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1379 11_11196 ABC08260-1-1-108 3H 130.82 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1018 11_10842 6402-691 3H 131.59 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0498 11_20527 3340-1042 3H 134.31 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0408 11_10381 2847-485 3H 136.66 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0063 11_20085 11657-398 3H 137.28 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1438 11_11328 ABC13678-1-2-369 3H 138.83 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0816 11_20851 5008-2402 3H 141.54 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1292 11_21427 9610-1195 3H 141.54 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0695 11_10631 4270-184 3H 144.64 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1160 11_21266 7772-223 3H 148.89 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0760 11_10681 4643-867 3H 167.77 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1480 11_11410 ABC36454-pHv2499-01 3H 167.77 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1527 11_11516 ConsensusGBS0632-3 3H 169.32 BB AA 1 1 1 1 1 1 1 1 2 1 1 1 
11_1244 11_21362 8752-523 3H 173.17 BB AA 1 1 1 1 1 1 1 1 2 1 1 1 




              11_0123 11_20145 13301-90 4H 1.64 AA BB 1 1 1 1 1 1 1 2 1 1 1 3 
11_1128 11_21228 7385-763 4H 3.74 AA BB 1 1 1 1 1 1 1 2 1 1 1 3 
11_1447 11_11345 ABC14522-1-8-350 4H 5.55 BB AA 1 1 1 1 1 1 1 2 1 1 1 3 
11_0355 11_10319 2533-773 4H 8.25 BB AA 1 1 1 1 1 1 1 2 1 1 1 3 
11_0162 11_10113 1513-514 4H 19.52 -- AA 1 1 1 1 1 1 1 2 1 1 1 1 
11_0840 11_10738 5149-1645 4H 19.52 AA BB 1 1 1 1 1 1 1 2 1 1 1 2 
11_0261 11_10223 2065-3135 4H 20.12 AA BB 1 1 1 1 1 1 1 2 1 1 1 2 
11_0616 11_10574 3968-342 4H 20.12 BB AA 1 1 1 1 1 1 1 2 1 1 1 2 
11_1260 11_21385 9027-454 4H 23.10 AA BB 1 1 1 1 1 1 1 2 1 1 1 2 
11_0180 11_10132 1595-1107 4H 24.59 BB AA 1 1 1 1 1 1 1 2 1 1 1 2 
11_0179 11_20210 1593-1597 4H 24.59 BB AA 1 1 1 1 1 1 1 2 1 1 1 2 
11_0084 11_20109 12128-313 4H 26.19 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0752 11_20777 4616-503 4H 26.66 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0044 11_10031 1094-801 4H 28.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0928 11_10793 5726-414 4H 44.94 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1397 11_21490 ABC09891-1-1-28 4H 46.41 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0297 11_10261 2268-601 4H 48.50 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
Anexos 
163 
11_0817 11_20853 5013-1834 4H 48.50 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0135 11_10093 1385-827 4H 48.50 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1173 11_10942 788-842 4H 48.50 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0873 11_10756 5298-828 4H 48.50 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0998 11_21073 6249-572 4H 48.50 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1316 11_11042 ABC01247-1-1-92 4H 51.30 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1441 11_11332 ABC14026-1-2-168 4H 51.30 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1177 11_10946 7942-948 4H 52.75 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0580 11_10527 3716-910 4H 55.63 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0951 11_21010 5848-1413 4H 59.37 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0332 11_20361 2421-520 4H 59.37 -- BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0130 11_20151 1351-790 4H 59.37 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1093 11_21191 7069-1149 4H 61.04 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1007 11_21087 6326-1032 4H 62.10 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1184 11_21296 8034-315 4H 62.83 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0433 11_20453 2977-1925 4H 62.83 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0792 11_20820 482-1423 4H 63.56 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0697 11_20723 4276-1082 4H 64.31 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1396 11_11229 ABC09662-1-3-352 4H 65.05 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0867 11_20906 5273-894 4H 65.05 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0049 11_20062 1110-715 4H 65.05 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0020 11_10010 10321-364 4H 66.00 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0052 11_20072 11293-490 4H 67.46 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0660 11_10606 4139-888 4H 67.46 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0543 11_20580 3549-743 4H 68.21 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1452 11_21504 ABC14714-1-1-162 4H 69.51 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0990 11_10829 6172-773 4H 73.84 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0133 11_10090 1375-2534 4H 76.03 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0344 11_10309 2490-1786 4H 76.03 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0790 11_20815 4807-1328 4H 76.03 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1267 11_11004 9149-1316 4H 77.31 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1233 11_21353 8653-475 4H 77.31 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1216 11_21332 8463-466 4H 77.31 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0576 11_10523 3704-1947 4H 78.77 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1517 11_11500 ConsensusGBS0461-3 4H 79.58 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0639 11_20670 4051-1101 4H 80.79 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0166 11_20197 1523-1136 4H 81.69 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0811 11_10723 4986-1214 4H 84.30 -- BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0657 11_20689 4133-601 4H 84.30 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0709 11_20732 4361-1867 4H 92.38 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1425 11_11292 ABC12093-1-2-231 4H 96.59 BB AA 1 1 3 1 2 1 1 1 1 3 2 1 
11_1136 11_21243 7550-562 4H 97.06 AA BB 1 1 3 1 2 1 1 1 1 1 1 1 
11_0739 11_20762 4535-1366 4H 98.55 BB AA 1 1 3 1 2 1 1 1 1 3 2 1 
11_0097 11_20119 1241-1649 4H 99.28 AA BB 1 1 3 1 2 1 1 1 1 3 2 1 
11_0171 11_10123 1561-1053 4H 108.70 AA BB 1 1 1 1 2 1 1 1 1 3 2 2 
11_1428 11_11299 ABC12417-1-1-46 4H 111.68 BB AA 1 1 1 1 2 1 1 1 1 3 2 2 
Anexos 
164 
11_1327 11_11066 ABC02813-1-4-326 4H 113.92 AA BB 1 1 1 1 2 1 1 1 1 3 2 2 
11_1111 11_21210 7221-766 4H 117.60 BB AA 1 1 1 1 2 1 1 1 1 2 2 2 
11_0664 11_10610 4152-573 4H 119.09 AA BB 1 1 1 2 2 1 1 1 2 2 2 2 
11_0240 11_20272 1954-1198 4H 119.09 AA BB 1 1 1 2 2 1 1 1 2 2 2 2 
11_1375 11_11186 ABC08009-1-2-304 4H 121.83 BB AA 1 1 1 2 2 1 1 1 2 2 2 2 




              11_0174 11_20206 1582-63 5H 6.40 BB AA 1 2 1 1 1 3 1 1 1 3 2 1 
11_0012 11_20010 10207-1024 5H 18.72 BB AA 1 2 1 1 1 1 1 1 1 3 2 1 
11_0781 11_10695 4753-1091 5H 25.23 AA BB 1 2 1 1 1 3 1 1 1 1 1 1 
11_0991 11_21065 6184-200 5H 26.28 AA BB 1 2 1 1 1 3 1 1 1 1 1 1 
11_0769 11_10688 4684-775 5H 34.25 AA BB 1 2 1 1 1 3 1 1 1 1 1 1 
11_1192 11_10955 8118-1005 5H 46.23 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0538 11_20571 3498-761 5H 46.23 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0296 11_10260 2267-1173 5H 46.23 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0931 11_20987 5754-850 5H 46.23 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1485 11_11432 ConsensusGBS0019-1 5H 47.39 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1157 11_21260 7741-527 5H 51.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0300 11_20332 2283-2913 5H 51.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1358 11_11128 ABC05926-1-1-51 5H 51.60 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0713 11_20737 4392-450 5H 51.60 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1412 11_11260 ABC10705-1-1-263 5H 52.02 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1206 11_21318 8320-955 5H 53.18 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1531 11_21536 ConsensusGBS0654-4 5H 56.77 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1064 11_21148 6820-586 5H 57.98 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0082 11_20105 12045-83 5H 57.98 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0244 11_20283 1992-1714 5H 59.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0913 11_20961 5591-403 5H 59.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1014 11_10840 6367-453 5H 59.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0744 11_10671 4565-1583 5H 59.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0348 11_20372 2505-850 5H 59.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1400 11_11240 ABC10045-1-1-164 5H 59.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1420 11_11281 ABC11529-1-1-295 5H 63.31 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1040 11_21121 65-778 5H 68.35 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0946 11_21001 5799-578 5H 75.40 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0341 11_20367 2465-793 5H 75.40 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1200 11_21309 8215-496 5H 76.30 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1049 11_21133 6714-579 5H 80.61 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1455 11_11355 ABC14990-1-1-126 5H 86.63 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1304 11_21445 9745-628 5H 87.35 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1361 11_21480 ABC06144-pHv86-01 5H 89.38 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0472 11_20497 3200-242 5H 95.78 BB AA 2 1 1 2 1 1 1 1 1 1 1 1 
11_0497 11_20526 3333-1209 5H 99.56 BB AA 2 1 1 2 1 1 1 1 1 1 1 1 
11_0889 11_10771 5440-455 5H 100.28 AA BB 2 1 1 2 1 1 1 1 1 1 1 1 
11_0427 11_20449 2947-1245 5H 100.28 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0682 11_10622 4219-685 5H 103.01 BB AA 1 3 1 1 1 3 1 1 1 1 1 1 
Anexos 
165 
11_0449 11_10414 3056-1317 5H 103.92 BB AA 1 3 1 1 1 3 1 1 1 1 1 1 
11_0033 11_10024 10669-188 5H 107.59 AA BB 1 2 1 1 1 1 1 1 1 2 2 1 
11_0515 11_20549 3398-163 5H 108.01 AA BB 1 2 1 1 1 1 1 1 1 2 3 1 
11_0284 11_20320 2208-279 5H 108.18 BB AA 1 2 1 1 1 1 1 1 1 2 3 1 
11_0773 11_20795 4706-940 5H 108.63 AA BB 1 2 1 1 1 1 1 1 1 2 3 1 
11_1077 11_21168 6913-1235 5H 109.56 AA BB 1 2 1 1 1 1 1 1 1 2 3 1 
11_0782 11_20805 4771-380 5H 110.26 AA BB 1 2 1 1 1 1 1 1 1 2 2 1 
11_0137 11_10094 139-1263 5H 122.38 BB AA 1 1 1 1 1 1 3 1 2 2 2 1 
11_0104 11_20127 12756-233 5H 123.52 BB AA 1 1 1 1 1 1 3 1 2 2 2 1 
11_1495 11_11456 ConsensusGBS0234-1 5H 127.96 AA BB 1 1 1 1 1 1 3 2 2 2 2 3 
11_1212 11_21325 8388-578 5H 129.41 -- BB 1 1 1 1 1 1 2 2 2 2 2 1 
11_1336 11_11080 ABC03900-1-2-406 5H 137.16 BB AA 1 1 1 1 1 2 2 2 2 2 2 2 
11_0159 11_20188 1501-353 5H 137.16 BB AA 1 1 1 1 1 2 2 2 2 2 2 2 
11_1179 11_21289 7965-579 5H 142.20 BB AA 1 1 1 1 1 1 1 2 2 1 1 3 
11_1022 11_10845 6450-755 5H 142.20 BB AA 1 1 1 1 1 1 1 2 2 1 1 3 
11_1534 11_11532 ConsensusGBS0704-2 5H 142.20 BB AA 1 1 1 1 1 1 1 2 2 1 1 3 
11_0870 11_10755 5286-486 5H 142.20 BB AA 1 1 1 1 1 1 1 2 2 1 1 3 
11_0351 11_20375 2520-718 5H 143.92 BB AA 1 1 1 1 1 1 1 1 2 1 1 3 
11_0975 11_10819 6050-1625 5H 143.92 AA BB 1 1 1 1 1 1 1 1 2 1 1 3 
11_0326 11_10292 2395-2083 5H 144.63 AA BB 1 1 1 1 1 1 1 1 1 1 1 2 
11_1340 11_11092 ABC04352-pHv108-01 5H 145.35 BB AA 1 1 1 1 1 1 1 1 1 1 1 3 
11_1185 11_21297 8037-282 5H 149.64 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0770 11_20791 4686-1281 5H 149.64 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0371 11_20388 2611-1846 5H 150.34 -- AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1490 11_11441 ConsensusGBS0086-5 5H 151.36 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0391 11_10363 2746-1501 5H 151.36 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1242 11_21360 874-199 5H 151.36 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0117 11_10080 1306-408 5H 151.36 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1514 11_11490 ConsensusGBS0397-16 5H 153.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1516 11_11497 ConsensusGBS0451-1 5H 155.13 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0374 11_10336 2617-1234 5H 161.58 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0303 11_20334 2290-796 5H 166.63 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0514 11_20546 3391-2137 5H 172.38 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1053 11_10869 6735-754 5H 173.08 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0953 11_21012 585-342 5H 176.62 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1058 11_21141 6781-1073 5H 177.07 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0290 11_10254 2244-3247 5H 179.06 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0837 11_10736 5145-1355 5H 180.71 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0345 11_10310 2493-660 5H 187.96 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0980 11_21052 6116-709 5H 189.60 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1459 11_11364 ABC16075-2-2-232 5H 189.60 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1028 11_21108 6489-465 5H 190.23 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 




              11_0169 11_10120 1553-753 6H 3.11 AA BB 1 1 1 1 1 2 3 1 1 1 1 1 
11_0839 11_20882 5148-1414 6H 3.23 AA BB 1 3 1 1 1 2 3 1 1 1 1 1 
Anexos 
166 
11_1107 11_21204 7185-370 6H 6.07 AA BB 1 2 1 1 1 2 3 1 1 1 1 1 
11_0967 11_21032 5993-2383 6H 9.06 BB AA 1 2 1 1 1 2 3 1 1 1 1 1 
11_0399 11_20415 2795-1707 6H 13.21 BB AA 1 2 1 1 1 2 3 1 1 1 1 1 
11_0208 11_10165 1769-545 6H 16.97 BB AA 1 2 1 1 1 2 3 1 1 1 1 1 
11_0186 11_10136 1628-410 6H 24.36 BB AA 1 2 1 1 1 2 3 1 1 1 1 1 
11_1051 11_10868 6719-1166 6H 24.36 BB AA 1 2 1 1 1 2 3 1 1 1 1 1 
11_0282 11_20315 2188-425 6H 24.36 BB AA 1 2 1 1 1 2 3 1 1 1 1 1 
11_1082 11_10882 6964-414 6H 42.36 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0177 11_10129 1588-537 6H 42.36 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0043 11_20052 10927-876 6H 42.36 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0550 11_10494 3580-331 6H 42.36 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0512 11_10462 3379-1037 6H 44.77 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0721 11_20743 4445-1911 6H 44.77 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0645 11_20675 4070-386 6H 50.07 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0006 11_10003 1009-1089 6H 52.75 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0693 11_20720 4258-1498 6H 52.75 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1343 11_21473 ABC04676-1-1-59 6H 53.29 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1071 11_21158 6854-309 6H 53.95 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0617 11_20651 397-288 6H 54.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0624 11_20656 3996-493 6H 54.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0955 11_21014 5873-880 6H 54.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1204 11_10962 828-545 6H 54.60 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0560 11_10513 3656-341 6H 55.94 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1328 11_11067 ABC02895-1-4-231 6H 58.01 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1223 11_21339 851-804 6H 58.55 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0233 11_20266 1911-55 6H 59.56 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0306 11_10270 2298-1526 6H 60.23 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0863 11_20904 5251-184 6H 64.36 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1413 11_11261 ABC10738-1-1-258 6H 65.03 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0623 11_20654 3987-1078 6H 84.51 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0758 11_20783 4641-266 6H 88.90 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0432 11_10400 2968-1066 6H 88.90 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1221 11_10978 8504-785 6H 94.73 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0503 11_20531 3349-759 6H 97.39 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0357 11_20379 2562-1191 6H 101.44 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0523 11_20558 3433-1087 6H 112.32 BB AA 1 1 1 1 1 1 1 2 1 1 1 2 
11_0151 11_10107 1473-1115 6H 119.02 BB AA 1 1 1 1 1 1 1 2 1 1 1 2 
11_1335 11_21467 ABC03519-1-3-132 6H 119.67 BB AA 1 1 1 1 1 1 1 2 1 1 1 2 
11_1512 11_11488 ConsensusGBS0388-1 6H 123.84 AA BB 1 1 1 1 1 1 1 2 1 1 1 2 
11_0988 11_10828 617-167 6H 124.85 AA BB 1 1 1 1 1 1 1 2 1 1 1 2 
11_0828 11_20868 5074-1135 6H 124.85 BB AA 1 1 1 1 1 1 1 2 1 1 1 2 
11_1033 11_21112 6523-1691 6H 126.85 AA BB 1 1 1 1 1 1 1 2 1 1 1 3 




              11_0270 11_20303 2132-1261 7H 0.00 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1286 11_21419 9561-168 7H 0.00 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
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11_0170 11_10121 1555-631 7H 1.89 AA BB 1 1 1 1 1 1 1 1 2 1 1 1 
11_1372 11_11179 ABC07611-1-5-315 7H 4.12 AA BB 1 1 1 1 1 1 1 1 2 1 1 1 
11_0273 11_20307 2148-498 7H 9.84 AA BB 1 1 1 1 1 1 1 1 2 1 1 1 
11_0036 11_10025 1073-916 7H 21.13 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0469 11_20495 3187-1073 7H 25.70 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0141 11_20162 1404-64 7H 31.75 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1145 11_10920 7634-659 7H 31.75 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0484 11_20507 3233-444 7H 31.75 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0494 11_10451 3313-1443 7H 32.63 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0618 11_10576 398-1244 7H 41.85 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1507 11_21528 ConsensusGBS0356-1 7H 46.19 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0213 11_20249 1792-372 7H 52.82 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0053 11_20074 11387-335 7H 54.37 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0091 11_20113 12239-662 7H 56.81 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0821 11_10726 5028-1261 7H 56.81 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0072 11_10050 11912-654 7H 63.66 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1308 11_11028 9820-455 7H 71.10 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0048 11_20060 1107-392 7H 71.10 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0165 11_20195 1518-624 7H 71.10 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0843 11_20885 5-1593 7H 74.52 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1498 11_11461 ConsensusGBS0250-2 7H 82.34 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0173 11_20205 1578-552 7H 83.44 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0103 11_10069 1272-459 7H 83.44 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0836 11_20880 5141-240 7H 84.92 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1491 11_11445 ConsensusGBS0132-4 7H 84.92 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0483 11_10442 3232-201 7H 84.92 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0583 11_10531 3731-103 7H 84.92 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1399 11_11239 ABC10040-1-1-238 7H 84.92 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0195 11_20230 1674-468 7H 86.44 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0038 11_20042 10760-846 7H 86.44 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0855 11_20896 5212-1409 7H 86.44 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1214 11_21330 8429-196 7H 86.44 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_1278 11_21409 9347-437 7H 87.21 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0747 11_20771 4589-131 7H 87.21 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0339 11_10303 2462-971 7H 87.97 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0080 11_20103 12027-128 7H 102.85 BB AA 1 1 1 1 1 1 1 1 1 3 1 1 
11_0619 11_20652 3981-469 7H 110.99 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0068 11_20092 1178-279 7H 110.99 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0605 11_10563 3900-611 7H 112.46 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0537 11_20570 3492-678 7H 112.46 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1402 11_11243 ABC10197-1-1-101 7H 122.07 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0501 11_10454 3345-247 7H 140.21 AA BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0120 11_20139 13108-412 7H 141.76 BB AA 1 1 3 1 1 1 1 1 1 1 1 1 
11_1172 11_21280 7886-894 7H 141.76 BB AA 1 1 3 1 1 1 1 1 1 1 1 1 
11_0597 11_10550 382-2624 7H 143.68 BB AA 1 1 3 1 1 1 1 1 1 1 1 1 
11_1021 11_10843 6433-124 7H 144.45 AA BB 1 1 3 1 1 1 1 1 1 1 1 1 
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11_1489 11_11440 ConsensusGBS0084-1 7H 144.45 BB AA 1 1 3 1 1 1 1 1 1 1 1 1 
11_0397 11_20414 277-935 7H 144.45 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_0431 11_20452 2966-627 7H 144.45 AA BB 1 1 3 1 1 1 1 1 1 1 1 1 
11_1277 11_11012 93-413 7H 147.47 BB AA 1 1 1 1 1 1 1 1 1 1 1 1 
11_1106 11_10896 7180-778 7H 148.25 -- BB 1 1 1 1 1 1 1 1 1 1 1 1 
11_0914 11_20962 5595-297 7H 149.80 AA BB 1 1 3 1 1 1 1 1 1 1 1 1 
11_0144 11_20170 1437-687 7H 161.54 BB AA 1 1 3 1 1 1 1 1 1 1 1 1 





Table 3.S1. Markers used during the backcross program to generate BC3F3 NILs 
 
1H 2H 3H 4H 5H 6H 7H 
Bmac0399 Bmac0134 GBM1280 GBM1221 scssr02503 Bmac0316 GBM1060 
Bmag0211 HvM0036 HvLTPPB GBM1323 HvLEU scssr09398 Bmag0206 
HvM020 scssr10226 scssr10559 HvM003 Bmac0096 Bmag0500 HvM004 
Bmac0032 EBmac0640 Bmac0067 GBM1509 scssr15334 GBM1355 scssr07970 
scssr10477 Bmag0125 Bmag0006 GBM1020 Bmag0223 GBM1075 HvSS1 
GBM1272 GBM1016 Bmag0136 Bmag0353 HvBM5A Bmag0173 scssr15864 
Bmag0382 HvM054 scssr25691 scssr14079 Hv635P2 Bmac0018 GBM1115 
GBM1278  Bmag0225 EBmac0701 scssr10148 GBM1389 Bmac0064 
WMC1E8  GBM1034 GBM1048 GBM1054 GBM1063 GBM1102 
scssr08238  GBM1405 HvMLOH1A GMS027 scssr00103 Bmac0156 
  GBM1043 HVM067 Bmag0222 GBM1022 scssr04056 
  Bmag0013 HvBAMY scssr03907 Bmac0040 Bmag0135 
  Hv13GEIII HdAMYB    
  HvM062     
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Table 3.S2. ANOVA for days to heading (DEV49-HD, four treatments), number of reproductive tillers 
(Rep-tiller, four treatments), number of tillers at heading (Till-heading, two treatments), and number of 
leaves on the main shoot (Leaves, two treatments) in BC3F3 NILs in response to vernalization 
treatments of different durations. Groups represent the four sets of backcross lines and the two 
parents. 
 DEV49-HD1 Rep-tiller1 Till-heading2 Leaves2 
Source of variation df ms  df ms  df ms  df ms  
Repetition 1 0   1 1   1 0.7  1 0.1   
Vernalization treatment (VERN) 3 20928 * 3 17 * 1 165 * 1 7.1 * 
Genotype (GEN) 13 6852 * 13 13 * 13 202 * 13 3.8 * 
Group 5 17355 * 5 31 * 5 473 * 5 2.6  
Contrasts             
Groups 1–3 vs 2–4 (VRNH2) 1 107  1 0  1 53  1 0  
Groups 1–2 vs 3–4 (VRNH1) 1 77091 * 1 103 * 1 1949 * 1 2.3  
Groups 1–2 vs ‘Plaisant’ 1 882  1 0  1 5.7  1 3.7  
Groups 3–4 vs SBCC058 1 601  1 10  1 54.1  1 1.9  
SBCC058 vs ‘Plaisant’ 1 5657 * 1 46 * 1 124  1 10.1  
Genotype within groups 8 288  8 1  8 33  8 4.5  
VERN × GEN 39 896 * 39 5 * 13 27.6 * 13 7.9 * 
VERN × Group 15 2235 * 15 11 * 5 51.9  5 6.1  
VERN × Groups 1–3 vs 2–4 (VRNH2) 1 15  1 0  1 1.2  1 2.1  
VERN × Groups 1–2 vs 3–4 (VRNH1) 1 26206 * 1 93 * 1 176 * 1 12.5  
VERN × Groups 1–2 vs ‘Plaisant’ 1 22  1 1  1 10.4  1 17.1  
VERN × Groups 3–4 vs SBCC058 1 283  1 20 * 1 0.4  1 3.7  
VERN × SBCC058 vs ‘Plaisant’ 1 2681 * 1 46 * 1 58  1 10.1   
VERN × GEN within groups 24 59  24 2  8 12.4  8 9.0  
Residual 53 6  82 1  25 4.7  27 0.7  
Total 109     10
6 
    53   55    
1
 Vernalization treatments of 0, 15, 30, and 45 days 
2
 Vernalization treatments of 30 and 45 days 




Table 3.S3. ANOVA for survival after exposure to –11.5° or –13°C for all the plants or only a subset. 
 
 –11.5°C 1 –13°C 1 –13°C 2 
Source of variation df ms  df ms  df ms  
Repetition 4 183  4 279  4 212   
Genotype 13 1479 * 13 3261 * 10 1970 * 
Group 5 2773  5 5462  5 3750 * 
Contrasts          
Groups 1–3 vs 2–4 (VRNH2) 1 733  1 169  1 522  
Groups 1–2 vs 3–4 (VRNH1) 1 826  1 9954  1 2856  
Groups 1–2 vs ‘Plaisant’ 1 163  1 216  1 357  
Groups 3–4 vs SBCC058 1 9351 * 1 6306  1 10594 * 
SBCC058 vs ‘Plaisant’ 1 5678   1 8219   1 8219 * 
Within Groups 8 670  8 1886  5 189  
Residual 60 141   60 332   40 109   
Total 69     69     54     
1
 Parents and 12 NILs 
2
 Parents and nine NILs (without 1b, 4b and 4c) 




Table 3.S4. ANOVA for time to flowering in the field. 
 
 Flowering date 
Source of variation df ms  
Sowing date (SOW) 1 9592.8  
Repetition (sowing) 4 1.0  
Genotype (GEN) 13 22.2 * 
Group 5 43.1 * 
Contrasts    
Groups 1–3 vs 2–4 (VRNH2) 1 1.7  
Groups 1–2 vs 3–4 (VRNH1) 1 167.6 * 
Groups 1–2 vs ‘Plaisant’ 1 10.6  
Groups 3–4 vs SBCC058 1 53.2  
SBCC058 vs ‘Plaisant’ 1 6.7  
Genotype within Groups 8 9.1  
SOW × GEN 13 11.1 * 
SOW × Group 5 26.1 * 
SOW × Groups 1–3 vs 2–4 (VRNH2) 1 4.6  
SOW × Groups 1–2 vs 3–4 (VRNH1) 1 61.8 * 
SOW × Groups 1–2 vs ‘Plaisant’ 1 4.8  
SOW × Groups 3–4 vs SBCC058 1 26.3 * 
SOW × SBCC058 vs ‘Plaisant’ 1 30.1 * 
Sowing × Genotype within groups 8 1.7  
Residual 51 0.9  
Total 82 9977.9  




Capítulo 4. Material suplementario 
Figure 4.S1. Mapping of HvFT3 in the ‘Beka’ × ‘Mogador’ population 
 
HvFT3 was genotyped in 120 doubled haploid lines of the Beka x Mogador population (Cuesta‐Marcos et 
al. 2008) as a presence/absence marker, with the primers reported. HvFT3 was mapped using JoinMap 
4.0 (Kyazma B.V.), on the long arm of chromosome 1H, at 84.0 cM, between markers E35m47_b and 
Bmag382. The position of HvFT3 in this population is similar to that of the Igri x Triumph (Faure et al. 
























Figure 4.S2. QTL analysis for traits related to flowering time in the ‘Beka’ × ‘Mogador’ population 
Data used for the analyses were reported in Cuesta‐Marcos et al. (2008), as the description of field and 
greenhouse trials, and plant materials. QTL analyses were carried out with the software GenStat 12.1 
(VSN International Ltd) using the QTL module, multiple environments, Genotype by Environment 
analysis. Independent analyses were run for days to heading in the field (three autumn‐sown trials) and 
final number of leaves on the main shoot in greenhouse treatments (no vernalization, short photoperiod 
and vernalization followed by short photoperiod). A single environment QTL analysis was run for the 
effect of photoperiod without vernalization (Pho_NV as the difference in the number of leaves between 
the NV_SP and the NV_LP treatments). QTL scans and the effect of the identified QTLs is reported. 
 
 Significant effects are indicated by either a ‘+’ or ‘‐’ sign, depending on whether the allele from the 
winter parent (Mogador) increased or decreased the trait value (Malosetti et al. 2008). Brown and 
orange indicate strongly positive and moderately positive contributions from the allele coming from the 
Mogador parent, while dark and light blue indicate the superiority of the allele coming from the Beka 
parent (Cooper et al. 2009). The uppermost green line is a summary of the significance for the overall 
test on QTL presence as shown in the top panel. 
 
HvFT3 was situated in the center of the QTL peaks previously identified as an effect of PpdH2 in 












Locus Chr. cM Wald DfWald PrWald HU03 VA02 ZA01 
HvFT3 1 84 76.57 3 0.0000 2.50 1.39 2.31 
Bmac132 2 75 317.04 1 0.0000 -2.71 -2.71 -2.71 
EBmag793 2 145 13.41 1 0.0000 -0.59 -0.59 -0.59 
E35M47_c 6 0 6.74 3 0.0000 0.04 -0.08 -0.58 












































Locus Chr. cM Wald DfWald PrWald  NV_SP V_SP 
HvFT3 1 84 163.82 2 0.0000 1.21 0.89 
Bmac132 2 75 83.89 2 0.0000 -0.53 -0.91 
HvZCCT 4 129 16.57 2 0.0000 0.03 -0.41 
E35M48_c 5 123 54.09 1 0.0000 0.42 0.42 
  















































Locus Chr. cM Wald Effect 
HvFT3 1 84 118.21 1.17 
HvZCCT 4 126 98.78 -1.05 



























Figure 4.S3. Sequencing of HvFT3 
To sequence HvFT3, primers were designed to amplify five overlapping fragments. Positions and 
amplicon size are labelled with respect to the coordinates of the ‘Morex’ HvFT3 (AB476614) sequence 




Position  Size 
 
Tm 
1F  ACTAAGCATGCAGTTGAAACGA 29 517 60 
2R  GGAACGGTTGATGTAAATGGAT 545 
  
3F  CAAGGCTAAGGCTGTTAATTGG  433 461 60 
4R  GGCGAGAATAAGAAAATGTTGC 893 
  
5F  AAGATATTGGTGGATCCAGACG 796 511 60 
6R  ACAATGGCCTTGTCTCAAAGTT  1306 
  
7F  GGTGCCAGCTTTGGTATGAT 1028 617 60 
8R  CTGCAAAAGCACCCCAGTAT 1644 
  
9F  AGGTTTCGAAGAGTTTGCTTTG 1435 532 60 
10R  CTGCACATTATTTGTGATGCAA 1966     
 
Sequencing was carried out in four genotypes: ‘Alexis’, SBCC058, the Spanish cultivar ‘Pane’ (SBCC167) 
and the French spring cultivar ‘Beka’ (SBCC169). Amplicons from two independent PCR reactions were 
sequenced from both ends with forward and reverse primers. Sequences were assembled and searched 
for polymorphisms using the software package ClustalW2 (Larkin et al. 2007). 
 
Nucleotide sequences from the four genotypes (1922 bp) were identical and a few polymorphisms were 
identified with the sequence from ‘Morex’: an SNP in intron 2 at 983 bp, where Morex carries a “C” and 
these cultivars a “T”; an SNP in exon 3, at 1039 bp where Morex carries a “T” and these cultivars a “C”. 
This is a conserved change, silent at the amino acid level. There are four polymorphisms in intron 3, SNP 
at position 1106, Morex has a “G” and these cultivars have an “A”; two indels at 1184 (TTC_/TTCC), and 
1365 (GTT_/GTTT, Morex and these cultivars, respectively), plus another SNP at 1567 bp, where Morex 
has a “G” and these cultivars an “A”mainly in intronic regions. 
 
A BLAST search (Altschul et al. 1997) against sequences present in GenBank revealed another 25 HvFT3 
sequences from different barley cultivars (GenBank accessions EU331874‐ EU331898). Multiple 
comparisons of these sequences showed the same polymorphisms detected in this study. The only 
observed polymorphism within the coding sequence is the same one that we have seen, in exon 3. The 





Capítulo 5. Material suplementario 
Table 5.S1. Barley cultivars characterized in this study. The country of origin, row number, and alleles present at VRNH1, VRNH2, VRNH3, PPDH1, and PPDH2 are presented.  
 
 
ARI-HAS Variety Origin Row number VRNH1 VRNH2 VRNH3 PPDH1 PPDH2 
 
Acuario United States 2 VRNH1-2 Dominant TC Recessive Dominant 
 
Adagio Great Britain 2 VRNH1-3 Dominant TC Recessive Dominant 
 




6 VRNH1-2 Dominant TC Recessive Dominant 
 
Colter United States 6 VRNH1-5 Recessive TC Dominant Dominant 
 
Chevron United States 6 VRNH1-5 Recessive AG Recessive Dominant 
 
Daciana Romania 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Extract Great Britain 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Ferment Great Britain 2 VRNH1-2 Recessive TC Recessive Dominant 
 
Galena United States 2 VRNH1-3 Recessive TC Recessive Dominant 
 
GK Habzó Hungary 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Gobernadora United States 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Golden Promise Great Britain 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Indo-Omugi Japan 6 VRNH1-2 Dominant TC Dominant Dominant 
 
Jubilant Slovenia 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Lewis United States 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Maresi Germany 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Maria Romania 2 VRNH1-4 Recessive TC Recessive Dominant 
 
ND5377 United States 6 VRNH1-3 Recessive AG Dominant Dominant 
 
Nitran Slovenia 2 VRNH1-3 Dominant TC Recessive Dominant 
 
Orbit Slovenia 2 VRNH1-1 Recessive TC Recessive Dominant 
 




Panorama Austria 2 VRNH1-4 Recessive TC Recessive Dominant 
 
Pek Yugoslavia 2 VRNH1-1 Recessive TC Dominant Dominant 
 
Secura Austria 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Stindard Romania 2 VRNH1-3 Dominant TC Recessive Dominant 
 
Svit Slovenia 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Tammi Finland 6 VRNH1-3 Recessive AG Recessive Dominant 
 
Tokak Turkey 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Viktor Serbia 2 VRNH1-3 Recessive TC Dominant Dominant 
 
Vintage Great Britain 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Iwate-Mensury-C Japan 6 vrnH1 Recessive AG Dominant Dominant 
 
Scio United States 6 vrnH1 Recessive AG Dominant Dominant 
 
Skopje 2006 Macedonia 2 vrnH1 Recessive TC Dominant Dominant 
 
Andrea Romania 2 vrnH1 Recessive TC Dominant Recessive 
 
Candesse Germany 6 vrnH1 Recessive AG Dominant Recessive 
 
Liliana Romania 6 vrnH1 Recessive TC Dominant Recessive 
 
Manas Ukraine 6 vrnH1 Recessive TC Dominant Recessive 
 
Univers Romania 6 vrnH1 Recessive TC Dominant Recessive 
 
Baishishek Kazakhstan 2 VRNH1-4 Dominant TC Dominant Dominant 
 
CaliSib Mexico 6 VRNH1-4 Dominant TC Recessive Dominant 
 
Cristal Francia 2 vrnH1 Dominant TC Recessive Dominant 
 
Dairokkaku-1 Japan 6 vrnH1 Dominant TC Dominant Dominant 
 
Egej Macedonia 2 vrnH1 Dominant TC Recessive Dominant 
 
Eight-twelve United States 6 vrnH1 Dominant AG Dominant Dominant 
 
GK-Stramm Hungary 2 vrnH1 Dominant TC Recessive Dominant 
 
Hayakiso-2 Japan 6 vrnH1 Dominant TC Dominant Dominant 
 
Hit Macedonia 2 vrnH1 Dominant TC Dominant Dominant 
 
Izvor Macedonia 2 vrnH1 Dominant TC Recessive Dominant 
 




Marumi-16 Japan 6 vrnH1 Dominant TC Dominant Dominant 
 
Nure Italy 2 vrnH1 Dominant TC Recessive Dominant 
 
Orman Macedonia 2 vrnH1 Dominant TC Dominant Dominant 
 
Pamir-09 ICARDA 2 vrnH1 Dominant TC Dominant Dominant 
 
Rex Croatia 2 vrnH1 Dominant AG Recessive Dominant 
 
Rodnik Croatia 2 vrnH1 Dominant TC Recessive Dominant 
 
Attila Germany 6 vrnH1 Dominant TC Dominant Recessive 
 
Barbinak Ukraine 6 vrnH1 Dominant AG Dominant Recessive 
 
Fridericus Germany 6 vrnH1 Dominant TC Dominant Recessive 
 
GK Eszter Hungary 6 vrnH1 Dominant TC Dominant Recessive 
 
GK Metál Hungary 2 vrnH1 Dominant TC Dominant Recessive 
 
GK SztárOmega Hungary 2 vrnH1 Dominant TC Recessive Recessive 
 
GK-Judy Hungary 2 vrnH1 Dominant TC Recessive Recessive 
 
Gotic France 6 vrnH1 Dominant AG Dominant Recessive 
 
Grivita Romania 2 vrnH1 Dominant TC Dominant Recessive 
 
Hardy Austria 2 vrnH1 Dominant AG Dominant Recessive 
 
Hundred United States 6 vrnH1 Dominant TC Dominant Recessive 
 
Javor Serbia 6 vrnH1 Dominant TC Dominant Recessive 
 
KH-Malko Hungary 2 vrnH1 Dominant AG Recessive Recessive 
 
KH-Tas Hungary 6 vrnH1 Dominant AG Dominant Recessive 
 
KH-Viktor Hungary 6 vrnH1 Dominant TC Dominant Recessive 
 
Kompolti 17 Hungary 6 vrnH1 Dominant TC Dominant Recessive 
 
Kompolti 4 Hungary 6 vrnH1 Dominant TC Dominant Recessive 
 
Lomerit Germany 6 vrnH1 Dominant TC Dominant Recessive 
 
Montana United States 2 vrnH1 Dominant TC Recessive Recessive 
 
Mugurel Turkey 6 vrnH1 Dominant AG Dominant Recessive 
 
Nelly Germany 6 vrnH1 Dominant TC Dominant Recessive 
 




Palinka Hungary 6 vrnH1 Dominant TC Dominant Recessive 
 
Paris Great Britain 6 VRNH1-6 Dominant TC Dominant Recessive 
 
Patricia Austria 6 vrnH1 Dominant TC Dominant Recessive 
 
Petra Austria 6 vrnH1 Dominant TC Dominant Recessive 
 
Siberia France 6 VRNH1-6 Dominant TC Dominant Recessive 
 
Skorohod Russia 6 vrnH1 Dominant TC Dominant Recessive 
 
Somborac Serbia 6 vrnH1 Dominant TC Dominant Recessive 
 
Tiffany Germany 2 vrnH1 Dominant TC Recessive Recessive 
 
Viktoria Romania 2 vrnH1 Dominant TC Recessive Recessive 
         EEAD-CSIC Variety Origin Row number VRNH1 VRNH2 VRNH3 PPDH1 PPDH2 
 
Albaicin Spain 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Alexis Germany 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Asplund Sweden 6 VRNH1-5 Recessive AG Recessive Dominant 
 
Beatrix Germany  2 VRNH1-3 Recessive TC Recessive Dominant 
 
Beka France 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Camelot Germany 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Cameo Great Britain 2 VRNH1-1 Dominant TC Recessive Dominant 
 
Edda II Sweden 6 VRNH1-1 Recessive AG Recessive Dominant 
 
Graphic Great Britain 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Hassan Netherlands 2 VRNH1-3 Dominant TC Recessive Dominant 
 
Herse Norway 6 VRNH1-5 Recessive AG Recessive Dominant 
 
Juli Denmark 6 VRNH1-3 Recessive AG Recessive Dominant 
 
Kika Spain 2 VRNH1-1 Dominant TC Dominant Dominant 
 
Kors Denmark 6 VRNH1-3 Recessive AG Recessive Dominant 
 
Kym Great Britain 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Logan United States 2 VRNH1-1 Recessive TC Recessive Dominant 
 




Nevada Great Britain 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Olli Finland 6 VRNH1-3 Recessive AG Recessive Dominant 
 
Pallas Sweden 2 VRNH1-1 Recessive TC Recessive Dominant 
 
PC-4 Spain 2 VRNH1-3 Dominant TC Recessive Dominant 
 
S-45 Syria 6 VRNH1-1 Dominant TC Dominant Dominant 
 
Seira Sweden 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Stella Sweden 6 VRNH1-5 Recessive AG Recessive Dominant 
 
Tremois Germany 2 VRNH1-7 Recessive TC Recessive Dominant 
 
Union Germany 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Vega Svalof Sweden 6 VRNH1-3 Recessive AG Recessive Dominant 
 
Volga France 2 VRNH1-1 Recessive TC Recessive Dominant 
 
Wisa Germany 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Zaida Spain 2 VRNH1-3 Recessive TC Recessive Dominant 
 
Gaelic France 2 VRNH1-1 Dominant TC Recessive Recessive 
 
Dobla France 6 vrnH1 Recessive TC Dominant Dominant 
 
Hatif de Grignon France 6 vrnH1 Recessive TC Dominant Recessive 
 
Monlón France 6 vrnH1 Recessive AG Dominant Recessive 
 
Ragusa B Croatia 6 VRNH1-6 Recessive AG Dominant Recessive 
 
Ager France 6 VRNH1-6 Dominant AG Dominant Dominant 
 
Aicara Spain 2 vrnH1 Dominant TC Recessive Dominant 
 
Albacete Spain 6 VRNH1-4 Dominant TC Dominant Dominant 
 
Arlois France 2 vrnH1 Dominant TC Dominant Dominant 
 
Athenais Greece 6 VRNH1-4 Dominant TC Dominant Dominant 
 
Bordia Belgium 6 vrnH1 Dominant TC Dominant Dominant 
 
Candela Spain 6 VRNH1-4 Dominant TC Dominant Dominant 
 
Frisia Germany 6 vrnH1 Dominant AG Recessive Dominant 
 
Hispanic France 2 vrnH1 Dominant AG Dominant Dominant 
 




Pané Spain 6 VRNH1-4 Dominant TC Dominant Dominant 
 
S-36 ICARDA 6 VRNH1-4 Dominant TC Dominant Dominant 
 
Tipper Great Britain 2 vrnH1 Dominant TC Recessive Dominant 
 
Almunia Spain 6 VRNH1-6 Dominant TC Dominant Recessive 
 
Arturio France 6 vrnH1 Dominant TC Recessive Recessive 
 
Athene Germany 6 VRNH1-6 Dominant AG Dominant Recessive 
 
Azurel France 6 VRNH1-6 Dominant AG Dominant Recessive 
 
Barberousse France 6 vrnH1 Dominant TC Dominant Recessive 
 
Clarine France 2 vrnH1 Dominant TC Dominant Recessive 
 
Chopine France 6 vrnH1 Dominant TC Dominant Recessive 
 
Dea Germany 6 vrnH1 Dominant TC Dominant Recessive 
 
Dura Germany 6 vrnH1 Dominant TC Dominant Recessive 
 
Esterel France 6 vrnH1 Dominant TC Dominant Recessive 
 
Ketos Italy 6 vrnH1 Dominant AG Dominant Recessive 
 
Labea Germany 2 vrnH1 Dominant TC Recessive Recessive 
 
Mammuth Canada 6 vrnH1 Dominant TC Dominant Recessive 
 
Marianne France 2 vrnH1 Dominant TC Dominant Recessive 
 
Mirco Italy 6 vrnH1 Dominant TC Dominant Recessive 
 
Mogador France 2 vrnH1 Dominant TC Recessive Recessive 
 
Naturel France 2 VRNH1-6 Dominant TC Dominant Recessive 
 
Nickela Sweden 2 vrnH1 Dominant AG Recessive Recessive 
 
Ordalie France 6 VRNH1-6 Dominant AG Recessive Recessive 
 
‘Plaisant’ France 6 vrnH1 Dominant TC Dominant Recessive 
 
Rebelle France 6 vrnH1 Dominant AG Dominant Recessive 
 
Regalia France 2 vrnH1 Dominant TC Recessive Recessive 
 
Senta Germany 6 vrnH1 Dominant TC Dominant Recessive 
 
Sonora France 6 vrnH1 Dominant TC Dominant Recessive 
 




Vindicat Netherlands 6 vrnH1 Dominant TC Dominant Recessive 
 
Vogelsanger 




Table 5.S2. Winter barley cultivars included in the field trial. The country of origin, row number, growth habit, alleles present at VRNH1, VRNH2, VRNH3, PPDH1, and 
PPDH2, and the sources of the information are presented. 
 
 





VRNH1 VRNH2 VRNH3 PPDH1 PPDH2 SOURCE 
Albacete Spain 6 winter VRNH1-4 Dominant TC Dominant Dominant this study 
Alpha France 2 winter vrnH1 Dominant TC Recessive Recessive Faure et al. 2007/this study 
Angora Germany 2 winter vrnH1 Dominant TC Recessive Recessive Faure et al. 2007/this study 
Attila Germany 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Baishishek Kazakhstan 2 winter VRNH1-4 Dominant TC Dominant Dominant this study 
Barberousse France 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Barbinak Ukraine 6 winter vrnH1 Dominant AG Dominant Recessive this study 
Belford United States 6 winter VRNH1-4 Dominant TC Dominant Dominant Cuesta-Marcos et al. 2010 
CaliSib Mexico 6 winter VRNH1-4 Dominant TC Recessive Dominant this study 
Cristal Francia 2 winter vrnH1 Dominant TC Recessive Dominant this study 
Charles United States 2 winter vrnH1 Dominant TC Recessive Recessive Cuesta-Marcos et al. 2010 
Dairokkaku-1 Japan 6 winter vrnH1 Dominant TC Dominant Dominant this study 
Doyce United States 6 winter vrnH1 Dominant TC Dominant Dominant Cuesta-Marcos et al. 2010 
Egej Macedonia 2 winter vrnH1 Dominant TC Recessive Dominant this study 
Eight-twelve United States 6 winter vrnH1 Dominant AG Dominant Dominant this study 
Fridericus Germany 6 winter vrnH1 Dominant TC Dominant Recessive this study 
GK Eszter Hungary 6 winter vrnH1 Dominant TC Dominant Recessive this study 
GK Metál Hungary 2 winter vrnH1 Dominant TC Dominant Recessive this study 
GK SztárOmega Hungary 2 winter vrnH1 Dominant TC Recessive Recessive this study 
GK-Judy Hungary 2 winter vrnH1 Dominant TC Recessive Recessive this study 
GK-Stramm Hungary 2 winter vrnH1 Dominant TC Recessive Dominant this study 
Gotic France 6 winter vrnH1 Dominant AG Dominant Recessive this study 
Grivita Romania 2 winter vrnH1 Dominant TC Dominant Recessive this study 
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Hardy Austria 2 winter vrnH1 Dominant AG Dominant Recessive this study 
Hayakiso-2 Japan 6 winter vrnH1 Dominant TC Dominant Dominant this study 
Hit Macedonia 2 winter vrnH1 Dominant TC Dominant Dominant this study 
Hoody United States 6 winter vrnH1 Dominant AG Dominant Recessive Cuesta-Marcos et al. 2010 
Hundred United States 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Igri Germany 2 winter vrnH1 Dominant TC Dominant Recessive Faure et al. 2007/this study 
Izvor Macedonia 2 winter vrnH1 Dominant TC Recessive Dominant this study 
Javor Serbia 6 winter vrnH1 Dominant TC Dominant Recessive this study 
KH-Korso Hungary 2 winter vrnH1 Dominant TC Recessive Dominant this study 
KH-Malko Hungary 2 winter vrnH1 Dominant AG Recessive Recessive this study 
KH-Tas Hungary 6 winter vrnH1 Dominant AG Dominant Recessive this study 
KH-Viktor Hungary 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Kold United States 6 winter vrnH1 Dominant AG Dominant Recessive Cuesta-Marcos et al. 2010 
Kompolti 17 Hungary 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Kompolti 4 Hungary 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Kompolti korai Hungary 6 winter vrnH1 Dominant TC Dominant Recessive Cuesta-Marcos et al. 2010 
Lomerit Germany 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Marumi-16 Japan 6 winter vrnH1 Dominant TC Dominant Dominant this study 
Montana United States 2 winter vrnH1 Dominant TC Recessive Recessive this study 
Mugurel Turkey 6 winter vrnH1 Dominant AG Dominant Recessive this study 
Nelly Germany 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Nomini United States 6 winter vrnH1 Dominant AG Dominant Recessive Cuesta-Marcos et al. 2010 
Nure Italy 2 winter vrnH1 Dominant TC Recessive Dominant this study 
Orman Macedonia 2 winter vrnH1 Dominant TC Dominant Dominant this study 
P3313 Austria 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Palinka Hungary 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Pamir-09 ICARDA 2 winter vrnH1 Dominant TC Dominant Dominant this study 
Pané Spain 6 winter VRNH1-4 Dominant TC Dominant Dominant this study 
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PARIS Great Britain 6 winter VRNH1-6 Dominant TC Dominant Recessive this study 
Patricia Austria 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Petra Austria 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Plaisant France 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Price United States 6 winter vrnH1 Dominant TC Dominant Dominant Cuesta-Marcos et al. 2010 
Rex Croatia 2 winter vrnH1 Dominant AG Recessive Dominant this study 
Rodnik Croatia 2 winter vrnH1 Dominant TC Recessive Dominant this study 
SBCC015 Spain 6 winter VRNH1-6 Dominant TC Dominant Dominant this study 
SBCC067 Spain 6 winter VRNH1-6 Dominant AG Dominant Dominant this study 
SBCC091 Spain 6 winter VRNH1-6 Dominant TC Dominant Dominant this study 
Siberia France 6 winter VRNH1-6 Dominant TC Dominant Recessive this study 
Skorohod Russia 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Somborac Serbia 6 winter vrnH1 Dominant TC Dominant Recessive this study 
Strider United States 6 winter vrnH1 Dominant AG Dominant Recessive Cuesta-Marcos et al. 2010 
Sussex United States 6 winter vrnH1 Dominant TC Dominant Dominant Cuesta-Marcos et al. 2010 
Thoroughbred United States 6 winter vrnH1 Dominant TC Dominant Recessive Cuesta-Marcos et al. 2010 
Tiffany Germany 2 winter vrnH1 Dominant TC Recessive Recessive this study 
Viktoria Romania 2 winter vrnH1 Dominant TC Recessive Recessive this study 
Wysor United States 6 winter vrnH1 Dominant TC Dominant Recessive Cuesta-Marcos et al. 2010 
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Capítulo 6. Material suplementario 
Figure 6.S1. Low temperature induction of VRN1 in barley seedlings.  
 
VRN1 transcript levels in control seedlings, germinated at normal glasshouse temperatures (20 degrees 
for 5 days), compared to seedlings germinated and grown to an identical stage of development at low 
temperatures (4 degrees for 28 days). Expression levels are shown relative to ACTIN. Error bars show 





Figure 6.S2. Low-temperature induction of the VRN1::GFP construct 
  
Transcript levels for the VRN1::GFP fusion in transgenic seedlings. Expression was assayed in control 
seedlings, germinated at normal glasshouse temperatures (20 degrees for 4 days), and compared to 
seedlings germinated and grown to an identical stage of development at low temperatures (4 degrees 
for 28 days). Expression levels were assayed in two independent transgenic lines. Error bars show 





































































Figure 6.S3. Sequence motifs in the VRN1 promoter. 
 
The promoter sequence of the barley VRN1 gene showing potential transcription factor recognition sites 
and other putative regulatory sequences. The transcriptional start site, identified by 5’RACE is also 
indicated (TCSS); this did not vary with different temperature treatments. 
 
-2100     -2090     -2080     -2070     -2060  
SPE1.|....|....|....|....|....|....|....|....|....  
CTAGTTCCCAATTTAAGAGTGGATTATTTGATCACGGGATCATCTATTCC  
-2050     -2040     -2030     -2020     -2010  
|....|....|....|....|....|....|....|....|....|....  
CTATAAAACTTTGAGATGTTTTCTATGAAGTATGGTTTACACAGTATATC  
-2000     -1990     -1980     -1970     -1960  
|....|....|....|....|....|....|....|....|....|....  
TGATCTAAATATTGGTTTTGCATTCTTGGAAACACACTGCAAAGTTTAGG  
-1950     -1940     -1930     -1920     -1910  
|....|....|....|....|....|....|....|....|....|....  
GATGCTCATGTTTGTATCTTTTCAATCATAGAGATATACTCCCTCCGTCC  
-1900     -1890     -1880     -1870     -1860  
|....|....|....|....|....|....|....|....|....|....  
GTCAAAAACTGTGCATCTAACAGTATATTTTTTTTCCATAAAGAGTGTAC  
-1850     -1840     -1830     -1820     -1810  
|....|....|....|....|....|....|....|....|....|....  
ATCTACATTTTCTATGCGCTTAGCTTTTAATTTAACCGGTATTAAGTGAC  
-1800     -1790     -1780     -1770     -1760  
|....|....|....|....|....|....|....|....|....|....  
TAATGTAGTAACTTGTGCTCTAGCTATTGGCTGCATGCCTAACCTTAATT  
-1750     -1740     -1730     -1720     -1710  
|....|....|....|....|....|....|....|....|....|....  
ACTGCATGCAGCAACGTTCATTTAATCTTCTTTTCTCAATGGTTGTATGT  
-1700     -1690     -1680     -1670     -1660  
|....|....|....|....|....|....|....|....|....|....  
ACACATAAGTCTGTTATTTTTGTACAATAATTATGTCATGGAGGTCTTTC  
-1650    -1640      -1630     -1620     -1610  
|....|....|....|....|....|....|....|....|....|....  
TTGGTCTATGTGCAAATCTCTGTATGCACGGTTTTTGGCGGACGGAGGGA  
-1600     -1590     -1580     -1570     -1560  
|....|....|....|....|....|....|....|....|....|....  
GTACACGACATATTCACAAGCAAAAAAGAAAAAGTTGGACATGGCATATT  





-1500     -1490     -1480     -1470     -1460  
|....|....|....|....|....|....|....|....|....|....  
AAACCTATCCTCATCGATCGTAAAAAGCGGTATTGGTATTTTTAGGGGAA  
-1450     -1440     -1430     -1420     -1410  
|....|....|....|....|....|....|....|....|....|....  
TAAAGAGCGCTATTGGTGGTTGCTGGTTACATCGAATGGTTGCAAAGTGG  
-1400     -1390     -1380     -1370     -1360  
|....|....|....|....|....|....|....|....|....|....  
TCATTTGACAAGCACGCATGTGGGCTTTATCTGTTTGTCATCATAAACGA  
-1350     -1340     -1330     -1320     -1310  
|....|....|....|....|....|....|....|....|....|....  
TAAATGGGTCAAGATTCACAGATCAGAGAATACGTCGTCAAAGTCTCGAA  
-1300     -1290     -1280     -1270     -1260  
|....|....|....|....|....|....|....|....|....|....  
CACTTCACTGCGTGGTCTACTGGGCCCAATAGCAGTTTTAGTGAACAAAC  
-1250     -1240     -1230     -1220     -1210  
|....|....|....|....|....|....|....|....|....|....  
CATTTTAGTGCTGCAATAGTTTCAGCACGATCCTTTCCTTTGTACCGAGA  
-1200     -1190     -1180     -1170     -1160  
|....|....|....|....|....|....|....|....|....SspI.  
AGCCGGTCACCGCAGATATATCACATGCACTTTCCGCATTTTTTTAATAT  
-1150     -1140     -1130     -1120     -1110  
|....|....|....|....|....|....|....|....|....|....  
TATATCACATGCACAGTTCTACAAGACATACACAGAGCGTTTATTTTTTT  
-1100     -1090     -1080     -1070     -1060  
|....|....|....|....|....|....|....|....|....|....  
TGTGAGAAGGAAAACACATGAGCCGTTTCAACATCGCATGATTCGACGCT  
-1050     -1040     -1030     -1020     -1010  
|....|....|....|....|....|....|....|....|..BssHII.  
GGGCAACAGTGTATTGATGGGTGGAGGACTGGTCGGCGCACACGCGCGCA  
-1000     -990      -980      -970      -960  
|....|....|....|....|....|....|....|....|....|....  
CAGTACCCCTACTCCGGCGGGAGTATCTTCCATTCATTCCAGAAATACGC  
-950      -940      -930      -920      -910  
|....|....|....|....|....|....|....|....|....|....  
GGGTCGGCCAAAAGTAGAAAAATACACTGCGCCGACCCAACCCACACGCA  
-900      -890      -880      -870      -860  
|....|....|....|....|....|....|....|....|....|....  
GCAACGGTTCGCGTCAAAAGTCCAGCTCGCGTCAATCATGCACGCACACG  





-800      -790      -780      -770      -760  
|....|....|....|....|....|....|....|....|....|....  
CCCGCAGCCGCCCTCCCAAACGGGACAAGCCGGGGCGGCCCAAAACGAGC  
-750      -740      -730      -720      -710  
|....|....|....|....|....|....|....|....|....|....  
AAGGAAAGCAGCCTCCTACTGTGGCAGCCCGCCCCCACGACCACCATCTC  
-700      -690      -680      -670      -660  
|....|....|....|....|....|....|....|....|....|....  
GCCTTCCATTTCCCTGGACGGACCAGAGCCGTCCCGAGCCGCCCCTGACC  
-650      -640      -630      -620      -610  
|....|....|....|....|....|....|....|....|....|....  
TAGCCACCCAGCATTTCCTGTTTCGTCCCGCGCCGCCGTGACGTGACCGA  
-600      -590      -580      -570      -560  
|....|....|....|....|....|....|....|....|....|....  
GAAAAGCAAAAGAGGAAAAAGCGAAAATGCTAAAGGAAAAAACTCTGCTC  
-550      -540      -530      -520     -510  
|....|....|....|....|....|.AvrII...|....|....|....  
TTTTATTCCTTCTATATCTACTCCAGCCTAGGGTACACACTATATATATA  
-500      -490      -480      -470      -460  
|....|....|....|....|....|....|....|....|....|....  
TATATATATATATATATATATATATATATATATATATATATATATATATA  
-450      -440      -430      -420      -410  
|....|....|....|....|....|....|....|....|....|.... 
AAAGTAGAAAAAAGAAGAAGAAAATGTTGCTCTACTGCTCTATGGTGTGG  
-400      -390      -380      -370      -360  
|....|....|....|....|....|....|....|....|....|....  
GTTTGTGGCGAGAAAAAATGATTTGGGGAAAGCAATATGGGGGAGATTCG  
-350      -340      -330      -320      -310  
|....|....|....|....|....|....|....|....|....|....  
CGCGTACGATCGTCCGACACGTCGACACGGGGCGGGCCCGCGGTGGGGCA  
-300      -290      -280      -270      -260  
|....|.. PST1 .|....|....|....|....|....|....|....  
TCGTGTGGCTGCAGGACCGCGGGGCCCCGCGGCGCGGGCCGGGCCAATGG  
-250      -240      -230      -220      -210  
|....|....|....|....|....|....|....|....|....|....  
GTGCTCGACAGCGGACATGCCCCAGACCAGCCCGGTATTGCATACCGCGC  





-150      -140      -130      -120      -110  
|.+TSCSS..|....|....|....|....|....|....|....|....  
CATTTGGCCATCCCCTCTCCCCTCCCACTTCACCCAACCACCTGACAGCC  
-100       -90       -80       -70       -60  
NCO1..|....|....|....|....|....|....|....|....|....  
ATGGCTCCGCCACCTCGCCTCCGCCCGCGCCTCTCGGAGTAGCCGTCGCG  






ICE1   CANNTG  
BZIP   ACGT  
CRT/DRE  CCGAC  
VRN BOX  TTTAAAACCCCCTCCCG  







Figure 6.S4. Deletion of the 5’ small open reading frame from the VRN1 gene of a wild wheat. 
 
Comparison of the A genome VRN1 gene from hexaploid wheat (VRN-A1, Genbank AY747600.1) with 
the sequence of the VRN1 gene from Triticum timopheevi (Genbank GQ451763). The VRN box is shaded 
grey. The putative CARG box is shaded black and the region that encodes the small upstream open 
reading frame is shown in bold text and boxed. 
 
                  10        20        30        40        50        60  
         ....|....|....|....|....|....|....|....|....|....|....|....|   
VRN-A1   AAGGAAAAATTCTGCTCGTTTTTTTTCTCTGTGGTGTGTGTTTGTGGCGAGAGAAAATGA   
GQ451763 AAGGAAAAATTCTGCTCGTTTTTTTGCTCTGTGGTGTGTGTTTGTGGCGAGAGAAAATGA   
                  70        80        90       100       110       120  
         ....|....|....|....|....|....|....|....|....|....|....|....|   
VRN-A1   TTTGGGGAAAGCAAAATCCGGAGATTCGCACGTACGATCGTTCGACACGTCGACGCCCGG   
GQ451763 TTTGGGGAAAGCAAAATCCGGAGATTCGCACGTACGATCGTTCGACACGTCGACGCCCGG   
                 130       140       150       160       170       180  
         ....|....|....|....|....|....|....|....|....|....|....|....|   
VRN-A1   CGGGCCCGGGGTGGGGCATCGTGTGGCTGCAGGACCGCGGGGCCCCGCAAAGCGGGCCGG   
GQ451763 CGGGCCCGGGGTGGGGCATCGTGTGGCTGCAGGACCGCGGGGCCCCGCAAAGCGGGCCGG   
                 190       200       210       220       230       240  
         ....|....|....|....|....|....|....|....|....|....|....|....|   
VRN-A1   GCCAATGGGTGCTCGACAGCGGCTATGCTCCAGACCAGCCCGGTATTGCATACCGCGCTC   
GQ451763 GCCAATGGGTGCTCGACAGCGGCTATGCTCCAGACCAGCCCGGTATTGCATACCGCGCTC   
                 250       260       270       280       290       300  
         ....|....|....|....|....|....|....|....|....|....|....|....|   
VRN-A1   GGGGCCAGATCCCTTTAAAAACCCCTCCCCCCC---TGCCGGAATCCTCGTTTTGGCCTG   
GQ451763 GGGGCCAGATCCCTTTAAAAACCCCTCCCCCCCCCCTGCCGGACCCCTCGTTTTGGCCTG   
                 310       320       330       340       350       360  
         ....|....|....|....|....|....|....|....|....|....|....|....|   
VRN-A1   GCCATCCTCCCTCTCCTCCCCTCTCTTCCACCTCACGTCCTCACCCAACCACCTGATAGC   
GQ451763 GCCATCCTCCCTCTCCTCCCCTCTCTTCCA--------CCTCACCCAACCACC-------   
                 370       380       390       400       410       420  
         ....|....|....|....|....|....|....|....|....|....|....|....|   
VRN-A1   CATGGCTCCGCCGCCTCGCCTCCGCCTGCGCCAGTCGGAGTAGCCGTCGCGGTCTGCCGG   
GQ451763 -------------------------------------------CCGTCGCGGTCTGCCGG   
                 430       440       450       460  
         ....|....|....|....|....|....|....|....|....|...  
VRN-A1   TGTTGGAGGGTAGGGGCGTAGGGTTGGCCCGGTTCTCGAGCGGAGATG  
GQ451763 TGTTGGAGGGTAGGGGCGTAGGGTTGGCCCGGTTCTCGAGCGGAGATG  
 
 
  
 
  
 
